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Infrared  Transmission  spectroscopy  is  an  extremely  useful  tool  for  obtaining 
detailed  mechanistic  information  about  adsorbate-adsorbent  interactions  at 
the  solid-liquid  interface. 

Internal  reflection  techniques  can  also  be  used  to  study  "adsorption  from 
solution,"  but  studies  involving  adsorption  directly  onto  internal  reflec- 
tion optics  are  of  limited  utility. 

Further  work  is  needed  to  permit  the  use  of  internal  reflection  techniques 
for  st\xdies  of  adsorption  onto  powders,  and  to  permit  the  use  of  laser 
Raman  spectroscopy  for  the  study  of  adsorption  from  solution. 

Fourier  transform  spectroscopy  can  yield  extremely  good  infrared  spectra 
of  water  and  aqueous  solutions.  The  techniques  offer  a potentially  very 
useful  approach  to  the  study  of  the  structure  of  water  and  aqueous  solu- 
tions and  solvent-solute  interactions. 
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Spectroscopy.  M.  J.  D.  Low  and  R.  T.  Yang,  Spectroscopy  Letters  6(5), 

299  (1973), 

(5)  Quantitative  Analysis  of  Aqueous  Nitrite/Nitrate  Solution  by  Infrared 
Internal  Reflectance  Spectrometry.  R.  T.  Yang  and  M.  J.  D.  Low  , 
Analytical  Chemistry  45,  2014,  1973. 
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(6)  Infrared  Internal  Reflection  Spectra  of  Methanol-Water  Mixtures.  R.  T. 
Yang  and  M.  J.  D.  Low,  Spectrochimica  Acta  30A,  1787  (1974) 


Sununary 

Technical  details  of  the  work  performed  during  the  course  of  this  pro- 
ject are  given  in  the  five  technical  reports  issued  individually  and  in  the 
six  pubHcations  appended  to  this  report. 

The  general  work  topic  of  this  project  was  "adsorption  from  solution," 

i.e.,  a study  of  adsorbate-adsorbent  interaction  at  the  solid-liquid  inter- 
face, using  spectroscopic  methods.  Four  related  topics  are  involved. 

1.  Infrared  Transmission  Spectroscopy 

Earlier  work  employing  infrared  transmission  spectroscopy  of  molecular 
species  adsorbed  at  the  liquid-solid  interface  was  extended,  and  is  described 
in  the  appended  reprint  3.  In  addition  to  obtaining  detailed  information 
about  the  interaction  of  some  long-chain  molecules  with  surface  silanols,  it 
was  possible  to  suggest  a criterion  for  considering  competitive  adsorption 
from  solution. 

2.  Infrared  Internal  Reflection  Spectroscopy 

The  utility  of  internal  reflection  techniques  was  explored.  A portion 
of  the  study,  involving  the  adsorption  of  molecules  directly  onto  internal 
reflection  elements,  was  quite  successful  and  is  described  in  detail  in  the 
appended  reprint  2.  Another  part  was  not  successful. 

Attempts  were  made  to  use  internal  reflection  techniques  to  study  ad- 
sorption onto  powders.  What  is  involved  is  this:  a powdered  adsorbent  is 
placed  onto  the  surface  of  the  internal  reflection  prism.  The  composite  is 
then  exposed  to  solution,  and  adsorption  occurs  onto  the  surface  of  the 
powdered  adsorbent.  The  intent  of  the  measurement  is  to  record  the  spectrum 
of  the  layer  of  the  adsorbed  material  on  the  surface  of  the  powder.  Attempts 
were  made  to  obtain  spectra  of  carboxylic  acids  adsorbed  onto  ZnO,  Si02,  Al202> 
and  Ti02»  measurements  were  not  successful.  Greater  instrtmental 

sensitivity  was  needed. 

3.  Laser  Raman  Spectroscopy 

Attempts  were  made  to  use  laser  Raman  spectroscopy  to  study  adsorption 
from  aqueous  solution.  The  general  aspects  of  the  measurements  are  as  follows. 

An  adsorbent  is  submerged  in  water  in  which  a small  amount  of  material  such 
as  stearic  acid  is  dissolved.  The  stearic  acid,  i.e.,  the  adsorbate  becomes 
bound  to  the  surface  of  the  adsorbent,  and  a spectrum  is  recorded.  The  spectrum 
would  show  the  absorptions  of  the  solid  adsorbent  itself  and  also  of  the 
surface  layer.  The  measurement  is  carried  out  while  the  adsorbent  is  still 
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submerged  in  the  solution,  so  that  the  measurements  are  carried  out  "in  situ," 
so  that  there  is  no  chance  of  disturbing  the  surface  layer  by  removing  the 
adsorbent  from  the  solution,  'flie  presence  of  the  solute  in  solution  would  not 
be  detected  because  the  solutions  are  very  weak.  Experiments  of  the  type 
outlined  were  carried  out  both  with  aqueous  and  nonaqueous  solutions,  in 
attempts  to  learn  how  to  carry  the  measurements  out.  Measurements  were  made 
with  the  adsorbent  submerged,  and  also  with  adsorbent  which  had  been  submerged 
and  then  removed  from  solution.  The  only  positive  results  vvhich  were  obtained 
were  with  a sample  of  ZnO  which  had  been  immersed  in  a solution  of  stearic 
acid  in  CCl^  so  that  stearic  acid  became  adsorbed  on  the  surface  of  the  sample, 
and  which  was  then  removed  from  the  solution.  Raman  spectra  of  the  sample, 
carried  out  with  the  sample  in  air,  showed  the  bands  of  adsorbed  stearic  acid. 
Mien  the  sample  was  placed  in  the  solution  again,  and  a Raman  spectrum  of  the 
submerged  sample  was  recorded,  the  spectrum  was  very  poor.  Similar  experiments 
with  aqueous  solutions  led  to  this  conclusion:  while  it  was  possible  to  detect 
evidence  of  adsorbed  material  when  the  sample  was  examined  in  air,  it  was  not 
possible  to  detect  chemisorbed  surface  species  when  the  sample  was  submerged 
becavise  the  intensity  of  the  scattered  rays  was  too  weak.  Rough  tests  showed 
that  when  a powdered  adsorbent  was  submerged  in  water,  the  scattering  decreased 
by  an  order  of  magnitude,  so  that  the  resulting  spectrum  was  so  weak  that 
the  bands  of  adsorbed  species  could  not  be  detected.  The  problem  was  thus  an 
insolvable  one  with  the  equipment  at  hand.  It  will  probably  be  possible  to 
use  Raman  spectroscopy,  however,  if  the  techniques  are  made  more  sensitive. 

4.  Infrared  Spectra  of  Water  and  Aqueous  Solutions. 

Work  in  this  area  was  needed  to  define  to  what  extent  the  use  of  water 
would  interfere  with  infrared  measurements.  It  was  found  that,  using  the 
techniques  described  in  the  reprints  1,2, 4, 5,  and  6,  infrared  spectra  of 
pure  water,  of  water  solvent,  and  of  solutes,  could  be  recorded  extremely 
well.  In  particular,  the  use  of  infrared  Fourier  transform  spectroscopic 
techniques  in  conjunction  with  internal  reflection  devices  makes  it  possible 
to  obtain  infrared  spectroscopic  data  on  water  and  aqueous  solutions  much 
better  than  those  obtainable  with  dispersion  spectrometers. 

Conclusions 

1)  Infrared  Transmission  spectroscopy  is  an  extremely  useful  tool  for  ob- 
taining detailed  mechanistic  information  about  adsorbate -adsorbent  inter- 
actions at  the  solid-liquid  interface. 

2)  Internal  reflection  techniques  can  also  be  used  to  study  "adsorption 
from  solution,"  but  studies  involving  adsorption  directly  onto  internal  re- 
flection optics  are  of  limited  utility. 

3)  Further  work  is  needed  to  permit  the  use  of  internal  reflection  techniques 
for  studies  of  adsorption  onto  powders,  and  to  permit  the  use  of  laser  Raman 
spectroscopy  for  the  study  of  adsorption  from  solution. 


4j  Fourier  transform  spectroscopy  can  yield  extremely  good  infrared  spectra 
of  water  and  aqueos  solutions.  The  techniques  offer  a potentially  very  useful 
approach  to  the  study  of  the  structure  of  water  and  aqueous  solutions  and 
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THE  FUNDAMENTAL  INFRARED  SPECTRUM  OF  THE  AMMONIUM  ION  IN 

AQUEOUS  SOLUTIONS 

M.  J.  D.  Low  and  Ralph  T.  Yang 

Department  of  Chemistry 
New  York  University 
New  York,  New  York 


The  infrared  absorptions  of  NH4  of  aqueous  solutions  of 
NH4  ^ salt  solutions  were  recently  considered  in  some  detail 
and,  based  on  changes  in  the  contour  of  the  water  band,  the 
effect  of  anions  of  the  water  absorption  were  discussed.^  We 
find,  however,  that  differences  of  the  contours  of  absorptions 
of  pure  water  and  of  aqueous  solutions  can  easily  produce  an 
artifact. 

We  have  measured  infrared  spectra  of  water  and  of  aqueous 
solutions  using  a modified  Digilab  Inc.  Model  FTS-14  Fourier 
transform  spectrometer  and,  to  avoid  the  difficulties  brought 
about  by  the  use  of  very  thin  transmission  cells,  have  employ- 
ed ATR  techniques  using  a Ge  prism  in  a suitable  attachment.^ 
The  equilvant  total  penetration  depth  was  estimated  to  be  1.9^ 
at  3400  cm”' , the  molar  extinction  coefficient  of  water  being 
taken  as  81  at  3400  cm”' . Spectral  data  were  obtained  over 
the  3800-800  cm”'  region,  using  400  scans  at  a resolution  of 
8 cm”'  constant  over  the  entire  region  for  each  spectrum. 

Only  single-beam  data  were  measured,  always  using  the  same  ATR 
prism  under  identical  conditions.  However,  single-beeun  spec- 
tra were  stored,  retrieved,  and  ratioed  by  computation  as  re- 
quired, using  the  instrument's  digital  computer.  The  ratioing 
process  is  equivalent  to  using  a dispersion  spectrometer  in 
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the  double-beam  mode  with  cells  of  precisely  the  same  path- 
lengths  in  each  beam,  thus  "compensating"  one  liquid  with 
another.  This  equivalency  is  precise  only  when  the  two  liq- 
uids whose  spectra  are  ratioed  have  identical  refractive  in- 
dices, so  that  the  equivalent  penetration  depths  for  the  two 
liquids  are  the  same.  In  the  present  case,  however,  the  in- 
dex matching’  was  good,  so  that  the  equivalent  pentration 
depths  for  all  liquids  were  very  close;  that  this  was  so  was 
shown  by  the  identical  absorptions  obtained  at  3400  cm“‘ . 

Excimples  of  single-beam  and  ratioed  spectra  are  shown 
in  Fig.  1.  Expanded  segments  of  some  spectra  of  2M  NH4NO3 
solutions  are  shown  in  Fig.  2.  Two  bands  near  3050  and 
2880  cm“‘  appeared  in  ratioed  spectra  obtained  by  using  the 
spectrum  of  water  as  "reference."  However,  a new  band  near 
3200  cm”‘  appeared  in  spectra  employing  a saturated  Nad  so- 
lution as  reference  in  the  manner  employed  earlier.^  The 
3050  and  2880  cm“'  bands  were  superimposed  on  the  prominent 
3200  cm~'  band.  The  latioed  trace  B of  Fig.  2 was  thus  equiv- 
alent to  the  spectra  of  NH4NO3  solution  "compensated"  with 
saturated  NaCl  solution  reported  earlier,  i.e.  spectra  re- 
corded with  NH4 NO3  solution  in  one  beam  and  NaCl  solution  in 
the  reference  beam.  Similarly,  trace  C of  Fig.  2 is  the 
spectrum  of  0 "compensated"  with  saturated  Nad  solution; 
a 3200  cm”'  band  was  again  produced. 

Fig.  3 shows  scale-expanded  segments  of  spectra  of  NH4d 
and  NH4H2PO4  solutions,  "compensated"  with  water,  saturated 
Nad,  or  Nad04  solutions.  Such  ratioed  spectra  are  equiv- 
alent to  others  presented  earlier^,  and  show  the  two  3050 
and  2880  cm”'  bands  as  well  as  a band  near  3200  cm”'  . How- 
ever, the  spectrum  of  Nad04  solution  was  also  ratioed  a- 
gainst  that  of  saturated  Nad  solution  (D,  Fig.  2),  and  the 
3200  cm”'  band  was  again  produced.  In  all  cases,  the  max- 
imum of  the  3200  cm”'  band  shifted  slightly  toward  lower  fre- 
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quencies  when  the  concentration  of  solutions  was  increased, 
as  observed  earlier.^ 

The  effects  of  solutes  on  the  structure  of  water  are 
well-known,  and  it  appears  that  the  3200  cm”‘  band  was  an 


FIG.  I 

Spectra  of  aqueous  solutions  jspectra  A-D  are  single-beam 
spectrum  of  A;  2M  NH4NO3:  B:  saturated  NaCl;  C:  water;  D:  1.9 
M NaC104.  Spectra  E-G  are  ratioed  spectra  of;  E:  2M  NH4NO3 
vs.  saturated  Nad;  F:  2M  NH4NO3  vs.  water;  G:  2M  NH4NO3  vs. 
1. 9 M NaC104 . Scale-expanded  segments  are  shown  in  Fig.  2. 

2l*7 


Scale-expanded  spectra  of  aqueous  solutions.  The  traces 
are  scale-expanded  segments  of  the  ratioed  spectra;  A:  2M 
NH4NO}  vs.  water;  B:  2M  NH4NO3  vs.  saturated  NaCl;  C;  water 
vs.  saturated  NaCl t D:  1.9  M NaCl04  vs.  saturated  NaCl;  E;  5M 
NH4CI  vs.  water;  F:  5M  NH4CI  vs.  1.9  M NaC104 ; G:  5M  NH4CI  vs 
saturated  Nad;  H:  saturated  NH4H2PO4  (~  1.  6M)  vs.  water;  I: 
saturated  NH4H2PO4  vs.  saturated  NaCl;  J:  saturated  NH4H2PO4 
vs.  1.9MNaC104. 


artifact  brought  about  by  the  differences  of  structure-break- 
ing effects  of  Na^,  Cl  , CIO4  and  other  ions^  leading  to 
changes  in  the  contours  of  the  water  bands  of  the  solutions. 
Consequently,  the  earlier  assignment^  of  the  3200  cm”'  band 
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to  the  NH^  ^ mode,  and  other  assignments,  are  suspect.  It 
seems  better  to  attribute  the  5050  cm  ' band  to  the  asym- 
metric stretching  mode  and  the  Z875  cm~'  band  to  a combina- 
tion of  fundamentals.  This  new  assignment  is  consistent  with 
the  observation  of  the  high  deformation  frequency  of  NH4 ^ 

Also,  the  water  band  contours  can  be  expected  to  differ  de- 
pending on  the  nature  and  concentration  of  the  solute,  and 
such  effects  seem  but  little  explored.  Interpretations  of 
the  spectra  of  aqueous  solutions  in  terms  of  the  structure 
of  the  solvent-and  probably  of  all  highly  associated  liquids- 
must  thus  be  approached  with  caution. 
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l.\perinieiil>  were  ( arried  out  to  explore  the  feasihility  of  using  internal  reller  tion  spec- 
trosiopx  to  stiiily  ailsorjition  |)henoniena  in  situ  at  the  li()uid/solid  interface.  'I'o  test  the 
methods,  stearic  acid  was  ailsorhed  from  CCI.  solution  directly  onto  the  surfaces  of  (ie  anil 
.\|.()i  internal  rellection  prisms  which  acted  as  adsorbents.  Infrared  siiectra  of  the  adsorlied 
layer  were  nteasured  with  a Beckman  IK-12  and  also  a Digilab  I- rS-14  I'ourier  transform 
spec  tionieter.  It  was  possible  to  follow  the  build-up  of  the  adsorbed  la\  er  as  function  of  time 
and.  with  solutions  of  various  concentrations,  to  note  changes  in  the  total  adsorjition  as  func- 
tion of  concentration.  The  maximum  amount  adsorbed  was  alamt  U.d  monolayer  with  solu- 
tions in  the  10^*  10"-  .1/  range.  The  lowest  coxerage  observed  was  aliout  0.08  monolaxer. 
Some  information  about  the  orientation  of  the  adsorbed  species  could  be  obtained  through  the 
use  of  polarized  radiation,  .\lthough  the  method  is  restricted  to  adsorbates  which  can  be 
fashioned  into  internal  reflection  elements,  the  tei  hnii|ues  are  suitable  for  obtaining  informa- 
tion about  kinetics  of  ailsorjition  and  <lesor|)tion,  adsoriition  isotherms,  adsorbate-adsorbent 
perturbations,  the  orientation  and  struc'Mre  of  the  absorded  layer,  and  rhemisoqition. 


I.\  rK()I)l  t'TR)N 

The  topic  of  •‘adsorption  from  solution”  htus 
rccfivcd  wides])rfad  attention  for  many  years 
because  of  its  technolotrical  and  scientific  im- 
portance. However,  despite  a voluminous 
literature,  there  is  little  in  the  way  of  definite 
information  concernint;  the  nature  and  struc- 
ture of  adsorbed  species  formed  on  the  surfaces 
of  solids  submerged  in  liquids,  although  much 
has  been  inferred  on  the  basis  of  indirect 
measurements  (1  ,i)  such  as  adsorjition  iso 
therms  or  electrochemical  elTects. 

Some  direct  information  about  surface 
species  has  been  obtained  by  means  of  in- 
frared spectroscopy  using  transmission  ab- 

' Part  III:  Ref.  (8). 

’To  whom  inquiries  should  be  addressed. 


sorption  techniques  (4-8).  The  latter  are- 
useful,  but,  when  carried  out  in  situ  under 
controlled  conditions  (6-8),  present  some  for- 
midable experimental  difficulties.  Obtaining  in- 
frtired  s|)ectra  of  surface  sjjecies  bv  means  of 
the  techniques  of  internal  reflection  spectros- 
copy, reviewed  by  Harrick  (9),  seemed  an 
alternate  and  attractive  approach.  We  have 
conse()uentl>  explored  the  feasibility  of  using 
infrared  internal  reflection  techniques  for 
studving  adsorption  in  situ  at  the  liquid  solid 
interface,  u.sing  internally  reflecting  prisms  as 
substrates. 

In  contrast  to  transmission  absorption  tech- 
niipies,  where  the  solid  is  finely  divided  to 
provide  a large  surface  area  bearing  numerous 
surface  species  which  can  be  ''sampled”  by 
the  infrared  beam,  the  internal  reflection  tech- 
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niqiU'S  (lii'liili-  till'  usr  Ilf  solids  of  quilr  sin:dl 
surfiiiv  iirrii ; idlliou,i;li  imilti|ilc  ri-lk-t  tions  arc 
used,  tile  sample  pfr  sf  is  small,  and  relalivel\ 
ureal  demands  are  plated  on  llie  instrumelita 
lion  needed  lo  record  spectra.  ('onse(|Uenlly,  a 
secondart  ohjeclive  was  lo  explore  ihe  utility 
of  carrying  out  I lie  inlerniil  retied  ion  nieasure- 
meiits  with  a l■'ourier  transform  spectrometer, 
as  Well  ;is  with  a dispersion  spectrometer.  \\  illi 
these  limited  objectives  in  mind,  we  have 
cltoseit  stearic  ticid  as  adsorltate  because  our 
previous  experience  with  adsorbed  acids  eas 
useful,  ceil  its  solvent  mainix  because  of  its 
sped ro.scopic  |)roperlies,  and  (ie  as  fKK  be- 
cause its  hit'll  index  of  refniction  would  lead  to 
proper  index  matchint'  and  would  tillow  45° 
relied  ions,  the  choices  beini'  made  to  minimize 
instrumental  problems  because  it  was  intended 
to  explore  the  feasibility  ;ind  demonsliale  the 
utility  of  the  technique. 

KXI’bUIMKMAI.  M l■;•|'ll()l ) 

Some  infrared  spedrii  were  recorded  with  ;i 
Meckman  IR-12  spectro])hotometer  operatint; 
conventioiuillx  in  the  double-beam  mode,  usiiif; 
ordinate  and  abscissti  settle  expansions  are 
required,  in  conjunction  with  a .Model  d in- 
ternal relledion  accessor)  and  MlI<-6  stimple 
hohler  supplied  b\  Wilks  Scientihe  Corpora- 
.ion.  Ikiliirization  measurements  emploxed  a 


Tu',.  1.  Intvrmi}  rvih'itinn  tin es.si>rt  a.iioil  with  the 
I I S l-t  I'lnirier  Iranshirm  spei  Irimu  li  r. 


1‘erkin  I'.lmer  wire  tjrid  poltirizer.  Other  in 
frared  spettra  were  recorded  with  a Dittilab, 

Ini.  .Model  I'TS  14  I'ourier  Irtinsform  spec 
Irometer  modilied  for  single  betim  opertilion 
as  described  elsewhere  (l')|.  'I'he  I'TS  14’s 
relativelx  larf'e  infrared  beam  required  the 
construction  of  the  device  shown  in  I'it:.  1. 

•Mirror  .\  of  I'iu.  1 was  a dl)°  torroid  used 
deliberatelx  in  tin  opiicallx  improper  fashion: 
b\  rolatintj  .\  b\  d()°  through  one  axis,  the 
iniiiKe  of  the  circular  incident  beam  was  not 
circular,  but  was  distorted  into  a rectaiitile 
roughly  matchin}'  the  rectangular  cross  section 
of  the  end  of  the  internal  re/lection  element 
(IRK).  .Mirror  II  was  ;i  f'old-coaled,  lirst- 
surftice,  conciive  I’xrex  prism.  Mirror  ('  wtis 
a ()0°  torrid  which  resha|)ed  the  beam  tind 
passed  it  on  to  the  l•''^S  14’s  detector.  I'he 
device  transmitted  approxinuilelx  2lK/r  of  the 
total  incident  beam.  The  tie  IRRs  were 
supplied  In  Harrick  Scientific  Corporation 
and  were  held  In  a Wilks  .M  I R fi  sample  holder. 

•All  the  spectra  shown  are  "nois\  .”  I'he  too 
fre(|uentl\  emphned  iiraclice  of  displaxint,' 
traces  from  whiih  all  noise  has  been  removed 
In-  a simple  manual  deletion  has  been  tivoided. 

.Sj>eclro.scopic-;.'rade  CCb.  pure  stearic 
acid  from  .Nutritional  lliochemicals  Corjiora- 
tion,  anil  other  reiioeiil  urade  maleri.ils  were 
used  without  further  purification.  The  IRKs, 
described  where  appropritite,  were  cleaned 
prior  to  use  with  hot  (.50  70°)  chromic  acid 
cleaninj'  solution,  UNO:,,  and  distilled  water. 

'f'he  (f.VO:i  treatment  was  done  lo  displace 
residual  chromium  ions.  .\s  loni'  as  the  cleaning 
period  and  temperature  tire  carefullv  con- 
trolled, the  eleanint'  procedure  results  in  a thin 
surfiice  oxide  Itiver  on  the  (ie.  The  oxide  laxer 
remains  thin  with  respect  to  the  penetration 
dejith,  and  electric  fields  at  the  interface  are 
still  defined  bx  the  (ie  ('('I,  indices  of  refrac- 
tion. .-Ml  ex]ierinients  xvere  carried  out  at  room  i 

temperature,  nominally  25°. 

In  order  to  carry  out  qiiantitatix’e  measure- 
ments, a calibration  is  needed  and  can  be 
jtrovideii  bx-  measuring  the  absorbance  of  a 
stearic  acid  monolaxer  deposited  on  the  IRK 
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surface  (11).  TIh'  al)S()rl>aiut‘ ()f  the  nutlix  line 
asyniinelrif  streuliinn  haml  al  2*.)2H  em  ‘ 
(-h..)!.,)  serves  as  a measure  uf  tlie  aniDiml  of 
stearie  ai  id  present  on  the  I RK.  I’he  methylene 
uroups  near  tile  larhow  I }{r(>up  of  an  adsorhed 
stearie  acid  moleeule  woidd  he  more  perturhed 
than  meth\  lene  };roups  elsewhere  on  the  hydro- 
earhon  chain,  so  th;it  ahsorhance per  methylene 
"roup  would  var\  somewhat  depeiidint’  on  its 
position  aloii"  the  chain  (12),  but  for  pur])oses 
of  calibration  the  methylene  absorbance  was 
assumed  to  be  constant.  The  absorbance  of 
methylene  ftroups  of  adsorbed  stearic  acid  is 
ratioed  atjainst  the  absorbance  of  a deposited 
stearic  acid  monolayer,  so  that  the  amount  of 
adsorbed  stearic  acid  can  be  determined. 
.Mternativeli , the  melhylene  absorbtince  of  0.4 
of  a compre.s.sed  monolayer  of  calcium  stearate 
dei>osited  on  a sapphire  surface  was  used  (4); 
the  sapphire  plate  "ave  100  rellections  at  45°. 
.\  conversion  from  the  sapphire  svstem  to  the 
"ermanium  system  is 


0=1  + 


d = 1 + 


ri-(’’T'AT 

'iiIM'lii  "I  lilir  I—  ^ ('if  ' — I ^ ^ 

■fli  r / \~~] 

~ l-( — ) d 

[-(:?)>— O’ 


where  .1  is  the  absorbance,  ii  is  the  inde.s  of 
refraction,  and  the  subscrijits  refer  to  the  in- 
terfaces (sapph  = saiijihire,  st  = stearate),  so 
that  for  the  (le  stearate '('t'li  svstem  (100 
rellections  at  45°)  the  monolayer  absorbance 
at  2028  cm  ' = 0.4  192  or  0.4  (1.92  X KKI) 
per  rellection;  i.e.,  for  a (ie  IRK  tiivinj;  25 


rellections  at  45°  the  rnonolaier  absorbance  al 
2928  cm  ' = 0.4  X 25  (1.92  X UKI)  = 0.052. 

If  an  I RK  is  place  in  contact  with  a solution, 
the  evanescent  wave  will  penetrate  the  solu 
tion  and  the  spectrum  of  the  solution  will  be 
obtained  in  addition  to  the  spectrum  of  an\ 
solute  which  mi"ht  be  adsorbed  on  the  IRK. 
However,  the  solutions  used  were  dilute  ones, 
and  it  is  estimated  that  the  amount  of  dissolved 
stearic  acid  in  a 10  •’  M solution  sampleii  by 
the  evanescent  wave  was  eipiivalent  to  about 
2 5%  of  a monolaxer  of  adsorbed  acid.  I'liis 
estimate,  based  on  the  jieiielration  depths  to 
be  e.Npected  with  the  seomelries  of  the  I RKs 
used  (9),  is  supported  by  internal  rellection 
spectra  of  dilute  solutions,  to  be  described 
el.sewhere,  which  .showed  that  the  .solute  could 
no  lon"er  be  detected  in  solutions  weaker  than 
about  10“-‘  M.  The  absorption  of  dissolved 
adsorbate  was  conse<iuently  nef;lit;ible. 

UKSILTS 

.AnsOKl'T/O.V  A.VI)  Dksokitio.v 

The  adsorption  of  stearic  acid  onto  various 

1 RKs  was  studied  usiiiK  the  Heckman  IR-12. 
Kor  example,  after  the  backfiround  spectrum 
of  a clean  (ie  IRK  had  been  recordeil  (A,  Kijr. 
2),  a 1.4  X Id  ■*  M solution  of  stearic  acid  in 
('('ll  was  ])laced  in  the  cell  and  a series  of 
spectra  was  recorded  after  various  limes  had 
elapsed.  Trtice  H of  Ki".  2 shows  the  results 
obtained  after  lb  hr  of  adsorption,  with 
.4.29-*  = 0.0142.  If  .l.ja-is  for  monohiyer  coverage 
under  these  conditions  is  taken  as  0.052,  then 
the  coverage  indicated  by  .s])eclrum  H of  Kig. 

2 is  about  0.2  monohner.  Similar  results  were 
obtained  with  solutions  of  higher  concentra- 
tions, the  amount  adsorbed  not  increasing 
significantly  as  the  concentration  was  increased 
to  10  - M,  int])!)  ing  that  a maximum  or  equilib- 
rium value  had  been  reached.  The  stearic  acid 
solution  was  then  reitlaced  b\-  t'Cli,  and  the 
desorption  of  stearic  acid  was  followed  by 
monitoring  the  decline  in  .Iss;*.  The  amount 
of  residual  stearic  acid  was  about  16%  of  a 
monolaver  after  a ]X'riod  of  five  davs. 

Other  ex])erimenls  were  carried  out  with 
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Fig.  2.  A<ls(>n'tif>n  of  stearic  acid  on  Ge.  Spectra 
were  recorded  with  the  Beckman  Ik- 12,  using  a Ge  IKK 
giving  25  rerteclions  at  45*^.  A;  background.  B:  after 
16  hr  in  1.4  X 10“^  \f  stearic  acid  .solution.  'I'he  ordi- 
nates are  displaced. 

alumina  (Fig.  3)  and  PdO-coatcd  Ge  IREs 
(Fig.  4),  and  adsorbed  stearic  acid  was 
detected. 

Similar  adsorption  experiments  were  carried 
out  with  the  Fourier  transform  spectrometer, 
using  the  device  shown  in  Fig.  1 ; some  results 
are  shown  in  Fig.  .S.  .After  a clean  Ge  FRE  had 
been  installed  in  the  device,  a spectrum  (,A) 
was  recorded.  The  resolution  was  chosen  to 
be  8 cm"',  constant  over  the  entire  frequency 
range,  because  little  would  be  gained  by  using 
better  resolutions.  The  cell  was  then  filled  with 
CCb,  and  the  background  spectrum  B was 
obtained,  now  showing  a CCl,  band.  Stearic 
acid  solution  was  then  introduced  and  addi- 
tional spectra  were  recorded,  e.g.,  trace  ('.  .All 


singie-beam  six-clra  such  as  A,  H,  and  G were 
stored  by  the  instrument’s  digital  computer 
and  could  be  recalled  at  will  so  that  ratioing 
and  scale  expansions  could  be  carried  out.  The 
ratio  of  spectra  .A  and  H resulted  in  spectrum 
It,  showing  only  the  bands  of  GCU  (13).  The 
solvent  bands,  which  were  not  intense  but 
might  overlap  those  of  the  solute  or  adsorbed 
material,  could  be  removed  by  ratioing  a 
“sample  spectrum”  such  as  C against  spectrum 
H,  yielding  a trace  such  as  F.  .A  spectrum  such 
as  B was  recorded  for  any  one  ex|)eriment  and 


3000  2900  2800  cni' 


Fig.  3.  Stearic  acid  adsorbed  on  (OQOtt  n-.Al.Oa. 
Spectra  were  recorded  with  the  Heckman  IR-12,  using 
an  IRE  of  a-Al;Oa  which  was  cut  to  expose  (0001)  faces, 
and  which  yielded  100  reflections  at  45°.  Spectra  were 
recorded  with  the  IRE  in  air,  subsequent  to  adsorption 
of  stearic  acid  from  I X 10"*  .\f  solution;  see  text  (16). 
.A:  unpolarized.  B:  parallel  polarized.  C:  pcr|iendicular 
polarizeil.  The  ordinates  arc  displaced. 
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Fio.  4.  Stearic  acid  adsorhe<l  on  I'dO/Oc.  Spectra 
were  recorded  with  the  Beckman  Ik-12,  using  a Ge  IRK 
one  side  of  which  ha<l  Been  coate<i  with  a thin  fdm  of 
PdO.  After  adsori)tion  had  been  completed  from  10“’  M 
solution,  unpolarixcd  (A),  parallel  (H),  and  per|)endicu- 
lar  (C)  polarized  spectra  were  recorded.  The  or<linates 
are  displaced. 

used  as  background  spectrum  for  all  sub- 
sequently recorded  "sample  spectra”  so  that 
a series  su:h  as  sjtectra  Pi  H resulted.  Both 
single-beam  and  ratioed  spectra  of  Big.  6 e.\- 
hibit  certain  features  which  are  not  directly 
pertinent  (13).  It  was  |)ossible  to  .scale-exi)and 
each  s|)eclrum,  or  segments  r)f  it,  at  will; 
some  exam|)les  are  shown  in  Fig.  6. 

Experiments  were  carried  out  with  solutions 
varying  from  6.2  X 10^'’  to  1.2  X lO''*  M.  At 
the  lowest  concentration  the  adsorjttion  ])ro- 
cess,  determined  by  the  increase  of  .1 29211,  re- 
quired several  hours  for  completion.  The  spec- 


tra were  fairly  noLsy,  e.g..  A,  Fig.  6,  but  the 
main  spectral  features  of  adsorbed  stearic  acid 
were  discernible.  For  trace  A of  F'ig.  6,  A. 292s 
= 0.011  equivalent  to  about  6%  of  a com- 
pressed stearic  acid  monolayer.  The  lowest 
coverage  detected  with  a 6.2  X 10“‘  M solu- 
tion was  about  3%  of  a monolaver,  and  was 
observed  about  10  min  after  contacting  the 
IRE  with  the  solution,  with  a signal-to-noise 
ratio  of  about  2.  The  quality  of  the  s|jectra 
was  better  at  higher  coverages,  e.g.,  B,  F'ig.  6, 
equal  to  about  0.3  monolayer.  .Also,  the  rela- 


I'lc.  .S.  Stearic  acid  adsorberl  on  Ge.  Spectra  were 
recorded  with  the  Digilali  FI'S-R  I'ourier  transform 
spectrometer,  using  a Ge  IRF,  (.SO  X 20  X 1 mm,  .SO” 
bevel  .angles,  yielding  almut  00  rellections).  .A:  tie  IRE 
in  .air.  It:  (ie  IRE  in  C't'h.  (':  Ge  IRE  after  immersion 
in  I X 10“*  .If  stearic  acid  solution  for  .10  min.  I):  ratio 
of  spectra  .A  and  H.  E-II:  ratios  of  spectrum  H with 
other  spectra  such  as  C recorded  after  the  following 
times  of  immersion  in  minutes:  E,  10;  E,  30;  G,  120; 
II,  720.  The  ordinates  are  displaced  (13).  .All  spectra 
were  recorded  with  400  scans  at  a resolution  of  8 cm  ‘ 
constant  over  the  spectral  range  shown. 
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lively  Wfiik  carbonxl  band  (C,  1),  Fif'.  0),  and 
Ihf  weak  methylene  bending  band  at  1455  cni~' 
could  be  observed  (E,  Fig.  6).  When  desired, 
the  siiectra  could  be  smoothed  (14).  Absorb- 
ances were  obtained  from  the  comijuter  read- 
out and  the  plots  (15). 

OKIKNT.VriDN  OF  .AdSOKHKD  Sl'HClFS 

The  “wagging  bands”  or  band  progressions 
(a  series  of  bands  caused  by  interactions  be- 
tween melht  lene  groups  when  long-chain  h\  - 
drocarbons  are  symmetrictillv  arranged)  which 
were  previously  used  to  infer  information 
about  the  orientation  of  adsorbed  carbo.xvlic 
acids  (7,  8)  were  not  observed  in  the  present 
study;  either  the  bands  were  too  weak  to  be 
observed  or  not  present.  However,  it  was 
liossible  to  obtain  some  information  about  t be- 
st earic  acid  adsorbed  on  IREs  b)'  means  of 
polarized  radiation.  Such  effects  have  already 
been  demonstrated  in  another  study  (11). 

The  electric  lield  amplitudes  at  the  interface 
(y,  11)  of  the  (ie/stearic  acid  (’('li  system  are 
/V  = 1.597,  = 1.520,  and  E,  = l.,546, 

where  and  A',-  are  the  amplitude  com- 
|)onenls  of  the  polarized  radiation  parallel  to 


the  incitlenl  beam  which  forms  a 45°  angle 
with  the  interface,  and  is  the  am|)litude  of 
the  perpendicular  jjolarized  beam.  'I'he  ab- 
sorbance ratio  for  stearic  acid  molecules 
oriented  normal  to  the  interface  is  .li  -In 
= 1.183,  and  for  coni|)letel.\  random  orienta- 
tion is  0.532  (11).  Moreover,  for  the  case  where 
till  of  the  ads(jrbed  molecules  lie  llatly  on  the 
surface,  the  expected  ab.sorbance  ratio  is, 

.1,/An  = ^A„7(JA/+  *A3)  = 0.343. 

It  is  thus  ])ossible  to  obtain  some  information 
about  the  adsorbed  acid  molecules  by  com- 
paring the  exijected  and  measured  .li/.ln 
values. 

Some  . 1 1 .1 1 1 mciisurements  were  carried  out . 
For  exam])le,  the  sitectrum  of  stearic  acid 
adsorbed  onto  a He  IRE  from  9.3  X 10  ■*  M 
solution  was  measured,  and  then  the  measure- 
ment was  repeated  using  parallel  |jolarized 
radiation  :ind  again  using  |)erpendicular  polar- 
ized radiation  (all  three  spectra  were  ver\ 
similar  to  spectrum  H of  Fig.  2).  The  .li/.Iii 
ratio  at  2928  cm  ' was  0.526,  implying  that 
the  ad.sorbed  molecules  were  oriented  randoml\ 
on  the  (ie  surface. 

Similar  experiments  were  carried  out  with 


t ie,.  .St<‘ari(  at  id  ailserlteil  iiti  (ie.  SeanteiUs  of  ralitted  s|ie(  tra  recorded  with  the  Ititrihih  l-'I'S  l-l 
I'tiurier  trjinsfontt  spei  tnnrieter  (see  letretid  of  I'ia.  .s,  tiinl  text  I ( M.  14).  ; tifter  19  hr  inttiiersioii  itt 

6 X 19  M stejtrit  at  iti  stthitioii ; -KK)  st  tins,  siitottlhetl  ( 14).  It : after  alitnit  2 mitt  initiiersitni  in  1 X 19 
.1/  slearit  at  it!  sttliititin;  .(99  st  tins,  titit  snititithetl.  (';  after  19  ntiti  itttittersittn  itt  1 X 19  * .1/  stearit  at  itl 
stilutittit ; 49()  stints,  itttt  sitttMithetl ; this  is  a sittall  seitittettt  ttf  I-i,  hiit.  5.  I) ; spet  trnttt  ('.  after  sttttstthiitg 
fl4i.  hi:  after  7 hr  iittittersioit  in  1 X 19  ' .1/  stearit  aiitl  sttliUititt;  499  stitits.  sittttttthetl  (14);  this  is  it 
small  set^ment  of  It,  lin  .s  -\ll  spettra  were  rettirtled  at  H t ttt  ' rest  d it  tit  in. 
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Stearic  acid  adsorbed  from  1 X Kl  - M solu- 
tion onto  ana-AbOj  IRE  fabricated  to  e.\])ose 
((KK)l)  surfaces  (11).  The  alumina  IRE  nave 
1(K)  retleclions  al  45°  and  this,  alonn  with  jx)or 
matchinn  of  refractive  indices  (9),  caused  all 
of  the  radiation  to  be  absorbed  by  the  solution, 
so  that  it  was  not  possible  to  stud\’  the  ad- 
■sorbed  film  in  silii-  t'onseciuently,  after  etiuilib- 
rium  adsorinion  had  occurred,  the  IRE  was 
removed  from  the  stearic  acid  solution  and 
dip])ed  several  times  into  t'Cli  in  order  to  re- 
move adherinn  solution  (16).  Sjiectra  were  then 
recorded  with  the  IRE  in  air  (Ein.  d),  the  .lai-js 
value  obtained  from  spectrum  A indicatinn 
that  an  amount  of  stearic  acid  equivalent  to  a 
compressed  monohuer  was  on  the  ])late.  The 
.li/.lii  value  obtained  from  s|)ectra  H and  (' 
of  Ein.  5 was  1.62.  The  .li  .In  ratios  for  this 
system  for  the  two  extreme  orientations  are 
1.28  for  completely  random  orientation  and 
2.15  for  idealix  close-packed,  normal  orienta- 
tion of  the  adsorbed  stearic  acid.  The  observed 
value  of  1.62  suggests  that  the  adsorbed  film 
was  partially  oriented  (16).  .An  in  situ  sttidv 
of  the  .Mods  stearic  acid/C('li  system  is 
possible  if  a pro])erly  shaiied  IRE)  is  available, 
i.e.,  one  [lermitting  an  angle  of  incidence- 
greater  than  ()0°,  the  critical  angle  for  the 
system  being  close  to  60°. 

Ear  greater  polarization  elTects  were  found 
with  the  (ie/l’d( ) stearic  acid/CCIi  sxstem 
(Eig.  4),  implying  that  the  adsorbed  layer  on 
the  I’dO  portion  of  the  surface  was  relativeix 
highly  oriented.  However,  the  spectra  are 
relativeix  |M)or  and  because  the  actual  nature 
of  the  surface  is  not  known,  .l-aj,  and  .li  .In 
values  and  their  significance  are  uncertain: 
unlike  the  oxide  coating  on  the  (ie  IRE)’s,  the 
I’dO  is  not  oiitically  thin,  so  that  the  changes 
in  |H)larization  may  be  jiartly  or  wholly  brought 
about  because  of  dilTerences  in  indeces  of 
refraction. 

Kim;  lies 

It  is  well  known  that  the  intensity  changes 
of  one  absorption  band  can  be  followed  with  a 
conventional  dLspersion  spectrometer  by  dis- 
engaging the  instrument’s  scanning  drive;  the 


0 KXKI  2000  tMond 


I'  ic..  7.  Kinetics  of  adsorplion  of  sleari<  at  i<l  oti  tie. 
'rile  Iteckinan  IK  12  was  set  and  reniaineil  al  2‘>2H  cm  ', 
and  the  liackgroumi  traie  was  reionieil.  The  De  IKl'. 
(2.S  rellei  lions  al  d-i”!  was  then  immerseil  in  1.4  X in  ‘ 
M stearic  acid  solution  and  Iraie  B was  reiorded.  The 
ordinates  are  displaied. 

instrument  is  set  til  one  |);irticular  fretiuencx , 
and  intensity  changes  occurring  at  that  fre- 
(|uency  are  recorded  as  a function  of  time. 
Such  measurements  were  |)os.sible  with  the 
jiresent  system,  and  Eig.  7 shows  the  2928 
cm  ' band  of  stearic  acid  changing  with  time. 

It  is  not  jtossible  to  carry  out  identical  mea- 
surements with  the  ET.S-14,  because  ;i  Eourier 
trtinsform  spectrometer  always  "scans”  all 
fre(|Uencies  simult:incousl\ . However,  the  in 
strument’s  o|)eration  is  rapid  enough  to  permit 
measuring  series  of  s|)ectr;i  covering  the  in- 
strument’s entire  s|)cctral  range.  Such  series 
of  spectra,  e.g.,  E H,  Eig.  5,  can  then  be  used 
to  follow  the  intensitx  changes  of  man\  differ- 
ent btinds,  e.g.,  Eig.  8. 

It  is  thus  possible  to  obtain  information 
about  adsoriition  from  solution  either  bv 
monitoring  a single  band  or,  jtrcferably,  b\ 
monitoring  the  intensitx  changes  of  many 
bands  so  that  com|)osition  changes  of  the  ad- 
sorbed la_\er  can  also  be  followed,  and  this  is 
done  by  direct  measurements  of  the  rate  of 
build-u|)of  the  adsorbate  on  the  surface.  .Mass 
tninsport  inlluences  can  be  determined  by 
varying  the  circulation  of  the  solution  in  the 
usual  way.  In  the  present  cii.se,  the  rates  are 
not  meaningful  because  the  solutions  were  not 
stirred,  although  the  elTects  of  dilTusion  as 
rate-controlling  itrocess  can  be  esliniiited  (17). 
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Fig.  8.  Kinetics.  Segments  of  spectra  recorded  with 
the  Digilab  i’TS'14  Fourier  transform  spectrometer, 
taken  from  a series  shown  in  part  as  E-H,  Fig.  5;  see 
i legend  of  Fig.  5.  The  ordinates  are  displaced.  The  time 

; in  minutes  after  immersion  were:  2-3;  B,  30;  C,  \ 10; 

^ D,  WO. 

! 

I Isotherms 

I 

^ It  seems  feasible  to  measure  adsorption  iso- 

therms by  following  intensity  changes,  say 
1 as  function  of  solution  concentration 

i and,  with  proper  thermostating,  to  observe 

1 the  effects  of  temperature.  This  was  not 

I attempted  in  the  present  study;  solution  con- 

I centration  were  varied  at  random,  and  the 

[ IRE  used  was  cleaned  after  an  experiment  with 

a particular  solution  was  completed.  The 
equilibrium  amounts  of  stearic  acid  adsorbed 
on  (Je  IREs  were  abf)ut  6%  of  a compressed 
monolayer  with  a solution  of  6.2  X 1()“‘  M, 
about  9%  with  1 X 10^^  M,  about  22%  with 
6.2  X 10“*  M,  and  25-,fl%  with  solutions 
in  the  M range,  suggesting  that  the 

room-temperature  isotherm  rose  steeply  and 
flattened  out  at  concentrations  above  about 
l()-‘  M. 


The  (ie  .Steakic  .Atiu/Cf'li  .System 

The  present  results  indicate  that  stearic  acid 
was  rapidl\'  taken  up  from  the  unstirred  solu- 
tions by  the  surface  of  the  (ie  IREs,  the  ad- 
sorption being  complete  in  about  1(1  min.  at 
concentrations  above  10  ^ M.  'I'here  were  tKj 
changes  in  the  .sjx-ctra  when  the  adsorbed  films 
were  allowed  to  remain  in  contact  with  the 
solutions  for  ixriods  uj>  to  20  hours;  and  it  is 
particularly  interesting  to  note  that  the 
carbonyl  band  was  observed  at  171.i  cm  ', 
close  to  the  frequency  of  bulk  stearic  acid, 
and  that  its  intensity  did  not  change,  no  new 
bands  were  observed  and,  judging  from  the  re- 
sults with  |X)larized  radiation,  the  adsorbed 
liiyer  exhibited  no  orientation.  In  contrast, 
Sharpe  (18)  re|}orted  the  carbonyl  stretching 
of  an  oriented  stearic  acid  monolax  er  deixisited 
on  a (ie  IRE  to  absorb  at  1745  cm~',  and 
attributed  that  to  a relatively  unbonded  acid 
carbonyl  absorption  unperturbed  b\  the  hydro- 
gen bonding  interactions  found  with  bulk 
stearic  acid.  Also,  when  the  oriented  later  re- 
mained on  the  (ie  IRE  for  a few  hours,  a new 
band  appeared  near  159,1  cm~',  jtrobably  in- 
dicating the  formation  of  a (le  salt  by  chemi 
sorption  (18).  It  thus  appears  that  rather 
different  results  are  obtained  if  the  acid  is 
adsorbed  from  C'Cli  solution:  the  adsorbi'd 
layer  was  irregular  (indicated  by  |M)larization 
effects) ; consisted  of  randomly  oriented,  hydro- 
gen-bonded dimers  and/or  polymers  (indicated 
by  the  similarity  of  the  carbonyl  absorptions 
of  the  adsorbed  layer  and  of  bulk  acid);  and 
did  not  react  with  the  surface  in  a reasonable 
time,  probably  because  the  intermolecular 
bonding  prevented  or  greatly  slowed  down  the 
reaction  of  acid  with  the  (ie  surface.  However, 
it  is  uncertain  if  a direct  com|)arison  is  valid, 
because  Sharjic  did  not  mention  how  his  (le 
was  cleaned. 

.Monolayers  of  long-chain  fat  t v acids  are 
formed  by  adsorption  from  solution  onto  metal 
oxides  (19-21)  and  some  catalysts  (22),  while- 
only  fractional  coverage  is  achieved  with  car 
bon  and  silica  (2,1  26).  It  is  therefore  tempting 
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li)  clii.ss  ihc  (if  IKK  surlaif  wiih  larlxm  and 
silica,  and  lo  allribuU-  llic  low  surface  coverage 
achieved  wilh  (ie  to  ■■|H)laril\  elTecls.”  How 
ever,  until  structural  inforntation  about  other 
adsorbed  lilnis  is  obtained,  coinparisions  would 
seem  premature. 

(le  ceil  kK\(TI().N 

H.inds  were  observed  at  12(HI  and  11,51)  cm  ' 
when  (ie  IKKs  were  e\|M).sed  to  ('('li  or  solu 
lions  of  stearic  acid  in  CCl,,  The  band’s  in 
lensilies  increa.sed  wilh  lime  and  changed 
relative  to  one  another,  e.n.,  I'i^;.  S.  The  un 
known  niiilerial  causing  the  bands  was  tena- 
ciouslv  held  to  t he  I RKs,  could  not  be  removed 
the  chromic  acid,  ;md  apja-ars  to  have  its 
origin  in  it  slow  reaction  between  CCIi  and  (ie. 

rut  l.MKkNAi.  ki-.n.ia  I lo.s  .Mnriioi) 

.\s  the  present  ecjjloratorx  experiments 
have  shown,  it  is  fetisible  to  use  infrared  in- 
ternal rellection  technii|ues  to  obtain  direct 
inforniiilion  about  ' ailsorption  from  solution.” 
K\tra|)ol;ilint:  the  pre.seni  results,  it  should  be 
|)ossil)le  to  slud\  a variet  v of  adsorbent - 
adsorbate  svsiems  and  obtain,  with  a sinjjle 
exiH-rimenttil  technii|Ue,  much  of  the  infor- 
mation of  interest,  i.e.,  adsorption  and  de- 
sor])tion  kinetics,  ailsorption  isotherms,  ]ht- 
lurbttlion  of  the  adsorbate  and  of  the  surfttce 
s|K'cies  present  on  the  tidsorbent’s  surfitce, 
orientation  or  structural  inforniiition  about  the 
adsorbed  molecules,  dilTusion,  ;ind  chemisorp 
tion.  However,  althouj’h  the  method  seems  ;m 
attractive  r)tie,  .severtil  |)oints  must  be  kept  in 
mind;  (a)  ( Ibviousix , the  method  is  restricted 
to  solids  which  can  be  fashioned  to  form  IkKs. 
.Mthoujih  single  crvstals  of  suitable  size  are 
becominfi  more  readilv  avtiilable,  the  choii  e 
of  adsorbent  cannot  be  a wide  one  at  present. 
1-imilinK  the  method  to  the  use  of  ( ie  or  Si 
IkKs,  the  materials  whidi  are  not  onl\  readiU 
available  hut  also  opticallx  the  most  suitable, 
would  be  .somewhat  rest  rii  live.  However,  it 
may  be  |)ossible  lo  develop  ( ie  or  Si  IkKs 
coated  wilh  a verv  thin  lilm  of  adsorbent,  al 
though  this  minht  lead  lo  optical  dilliculties 


of  the  t>pe  discussed  b\  .Srinivasan  anri 
Kuwana  (27);  (b)  The  optical  j>ro]Hrties  of 
the  I kK,  solute,  and  solvent  must  be  such  that 
there  is  onlv  weak  couijlintt  between  IkK  and 
solvent.  The  conce|jts  involving  an  IKK  bear- 
ing a lilm  much  thinner  than  a penetration 
depth  have  been  considered  b\  Harrick  (')); 
(c)  If  the  concentration  of  the  solution  is  hit'll, 
the  s|Kctrum  will  show  the  absorption  btinds 
of  the  ilissolved  as  well  as  the  adsorbed  solute 
and  overlappiit);  of  bands  may  result;  if  ex- 
tinction coellicients  are  known,  :i  cijrrection 
can  be  tipplied  if  the  measurements  are  precise 
enough ; (d)  The  "sample”  is  small  in  all  cases; 
and,  although  multiple  rellections  are  used, 
absorptions  are  small.  Consequently  , absorb 
ance  of  0.4  of  a compressed  monolayer  of 
calcium  stearate  dejxjsited  on  a sap))hire  sur 
face  was  used  (4);  the  sapjrhire  plate  nave  100 
rellections  at  45°.  .A  conversion  from  the  sap- 
phire system  lo  the  itermanium  system  is 
po.ssible,  iind  smaller  numbers  of  rellections 
m;iy  be  u.sed.  In  all  cases,  howex'er,  relatively 
ttreat  demands  are  placed  on  the  instrumenta- 
tion. In  iteneral,  however,  judgin''  from  the 
lk-12  results,  it  would  appear  that  tjood  results 
can  be  obtained  with  a research-quality  dis- 
persion spectrometer,  although  in  general 
better  results  can  be  obttiined  with  the  FTS-ld 
I'ourier  transform  spectrometer  (2g). 

vcK.vou  i.i;i)(;.Mi;.\Ts 

Su|i|H)rt  liy  i Diitrai  I \()(K)14  07  V l!407  IK)2,t  from  the 
OlVue  of  Naval  Keseanh,  jirant  (iK  24r)SS  from  the 
.National  Siiente  I'outnlation,  ami  itrant  14-111. Otll 
1H.(.(  from  the  Ollice  of  Saline  Water  is  jrralefulK 
arknovvieilkeil. 
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1.1.  The  sinKlt‘  l“-'ion  s|)ei  Ira  A.  li.  ( ' of  I 5 are  i har 

aileristit  of  the  emission  (if  the  inslrumenl's 
souree  niodilied  liy  the  heamsplitler  (harailer 
islies.  mirror  rellev  U\juv‘S,  aiul  the  like,  as  well 
as  liy  (he  alisorpUon  eharaelerislies  of  ihe  (ie 
IkK.  'rhe*  liands  lielow  I. ^00  cm  ' are  (ie  ahsorp 
lions.  The  prominent  24(K1  2.^00  i rn  ‘ hands  are 
due  lo  aimospheric  (’O^  'The  “noise"  in  the  1800 
1400  ( ni  ’ region  is  due  lo  atmosi)heri(  H^O  not 
removed  l>\  llushitiK.  I'he  ralioe<l  spe(lra  1)  (» 
are  noisier  aho\  e .1000  ( m ' and  helow  2.100  i m ' 
than  in  the  eenlers  of  the  speilra  heiause  rela 
lively  small  numhers  are  ratioed.  I'he  spedra 
are  ^vneralK  tlal  hul  small  ehatiKes  in  llushiiiK. 
lemperalure.  and  sample  positioning  (an  lead  to 
variations.  I'his  is  particularly  nolueahle  in 
spectrum  H,  where  a lar^e  iieKalive  (’()..  hand 
indicales  that  the  llushin^  (ondilions  had 
chanjjed.  However,  unless  there  is  overia])))inK 
with  ahsorjition  hands  of  the  sample,  sue  li  hack 
ground  variations  are  not  important. 

14.  The  I'TS  14  s\sleni  can  he  used  to  srniMilh  a spec 
trum.  and  the  results  are  analoj'ous  to  the  fre 
(juently  applied  practice  of  manuall)  ruttniiiK  a 
judic  iousl>  placed  sinjfle  litie  ihrou^l)  the  middle 
of  a noise  hand  of  a nois>  spectrum.  With  the 
I IS  14.  the  spectrum  is  in  digital  form,  and  the 
computer  averaj^es  iiredelermined  numliers  of 
data  (Miints  and  plots  out  avera^'e  values,  to 
yield  a snvHithed  spectrum. 

1.1.  The  I' r.S  14  system  prints  out  inaxitnum  and  mini 
mum  r values  ( r - 7*. ' » etc . for  a spc*c  trum 
or  an>  segment  of  it.  and  ifu'se  values  alonn  with 
the  plotted  spectrum  were  usc'd  to  compute  ah 
sorham  es.  lor  example,  for  part  of  I i^j  6,  the 
maximum  and  minimun)  values  were  1)988  ami 
t).9.l6.  respec  tixc'ly,  the  plot’s  ordir»ate  hein^  pre 
cisily  10  inches.  The  maximum  value  included 
the  noise.  The  hasc-  line  for  the  2928  i m • haml 


was  estimated  to  fall  ahoul  1 .1  inches  helow  the 
lop  of  the  plot;  i.e.,  the  ma.ximum  of  the  2928- 
cm  ‘ hand  was  taken  as  0.981,  which  value  was 
used  to  compute  * 0.0219, 

16  The  dippiiiK  procedure  is  an  unsatisfuc tor\  one, 
although  acci'ptahle  for  the  present  exploratory 
experiments,  because  it  is  not  certain  that  the 
adsorbed  la>cT  remains  undisturhed.  It  is  pcc.ssihle 
that  desorption  aiul  rea<lsctr])lion  occur  anci  the 
orieniation  of  the  him  he  (handed.  On  the  basis 
of  previous  work,  for  example,  it  wouM  he  ex 
petted  that  the  aclscirhed  laser  would  l»e  hiKhlx 
ccriented  ( 1 1 ■, 

17.  1 he  rates,  e.^.,  l i)'.  7,  are  not  meaningful.  solv 

in);  tl)e  diffusion  e(|uation  with  pertinent  iHcund 
ar>  conditions  and  a-ssumin);  the  dilTusion  eoelli 
c ienl  of  stearic  acid  to  i»e  10  ^ c ni'/’sec , the 
amount  cd  material  which  could  have  dilTused 
at  / - 17  min  fl  iw.  7'  was  about  I(K)  times  the 
maximum  amount  of  stearic  acid  w hit  h was  found 
to  he  adsorbed.  In  other  words,  the  rale  measured 
svasnot  entirely  the  rateof  dilTu.sion,  hut  ditTusion 
definitely  was  the  limitiuK  process  at  the  he^dn 
ninj'  of  the  adsorption  process. 

18.  .Sn.xKi'K,  I,.  II.,  /Vice.  Chnn.  Sor.  1961.  461. 

19.  IlAKkINS,  \\  . 1)..  \.\D  (i.VNS,  I).  M.,  J . Phys.  (7/cW. 

.16.  86  (19,12). 

20.  I'.w  IND,  V\  . U .1  tnrr.  ( hrm.  Sot . 61 , 1.1 1 7 (1 9.19 

21.  (ikKKNiili.i..  K.  II..  Irons,  horodoy  Soc.  15.  62.1 

(1949,. 

22.  Smith.  II.  .\.,  .\nd  I i /kk,  J.  I ..  ./.  Iw/er.  Clicni. 

Sor.  6S.  229  (1946). 

2.1.  Kif'i.isc;,  J.  J.,  J.  i'/icni.  Sor.  1962.  85.1. 

24.  kiuLisc;.  J.  J.,  J.  (7j(')h.  Soc.  19().1.  .1.182. 

2.1,  kii’i.iNc;.  J.  J.. ./.  i'ltt'in.  Soc.  19(>4,  .1.1.15. 

26  .Vkmistkad.  C.  (i.,  Tm.kk.  .\.  J..  and  Moc  kkx,  J .\., 
I'rous.  horodoy  Sio  . 67,  .100  ( 19/1  ). 

27.  SkiNiv.ts.tN,  \’.  S.,  .\ND  Krw  \n.\.  'I’,.  .7.  /V/y.v.  ( licm. 

72.  1 144  ( 19r,8). 

28,  rile  optical  advantages  of  the  lourier  transform 

spectrometer  vis-avis  the  dispersion  spectrom- 
eter need  not  he  belabored,  and  the  advantages 
of  data  handling  hy  digital  computation  using 
(he  spectrometer’s  computer  are  obvious.  How- 
ever. as  is  almost  alwuxs  the  case,  a direct  com- 
parison of  the  dispersion  and  I curier  transform 
spec  trcnnelers  was  not  pccssihle.  lor  e.xampie,  the 
1 rs  14  vielded  a spectrum  covering  the  .1*8)0 
400  cm  ' rc'gion  with  a resolution  of  8 cm  ’ 
constant  oxer  the  entire  region  in  a period  of 
about  5 min.  w hile  the  Ik  1 2 would  lU'C'd  2 to  .1  iir 
to  cover  lhc‘  same  spectral  region  luit  with  var> 
ing  resolution.  The  I IS  14’s  operation  cannot 
he  sIowcmI  lo  match  the  Ik  1 2s  operation,  and 
highspeed  opcTalion  causes  tile  Ik  12  to  pro 
cUue  a com)vlelel>  meaningless  trace  \lso, 
dillerent  Ikh!  atlac  hmc*nls  were  Used 
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Infrared  spectra  were  recorded  in  situ  of  octadecaool  (A),  octadecylamine  (B),  and  oct- 
adecanedioic acid  (C)  adsorbed  from  CCI4  solutions  onto  highly  degassed  silica.  Adsorbed  .1  in- 
teracted with  silanols  and  caused  a shift,  Aroa,  of  the  sil.anol  band  of  ~275  cm"*;  the  data 
suggest  that  A dimers  interacted  with  silanols  but  also  adsorbed  without  such  an  interaction. 
B interacted  e.xtensively  and  strongly  wiih  silanols,  causing  a A»oh  ~ 750  cm"’.  Also,  some  R 
was  chemisorbed.  In  constrast,  C adsorption  was  slight  and  the  interaction  with  silanols  weak ; 
apparently  some  C polymer  chains  were  broken.  As  interactions  with  silanols  cause  a perturba- 
tion of  the  silanol  band  and  the  e.ctent  of  the  perturbation  is  a measure  of  the  strength  of  the 
adsorption,  it  may  be  possible  to  use  Ai/oh  as  criterion  in  considering  competitive  adsorption 
processes  occurring  on  hydroxylated  surfaces. 


I.NTRO''UCTIOX 


E.KPERI.MENTAL 


Recently  a new  infrared  method  for  study  ing 
adsorption  in  situ  at  the  Jiqutd-soJid  interface 
was  developed  (1-4)  so  that  adsorption  from 
solution  could  be  studied  under  well-defined 
conditions.  The  adsorptions  of  aniline  of  silica, 
stearic  acid  on  zinc  oxide,  silica,  and  alumina, 
of  decanoic  acid  on  magnesia,  and  of  stearic 
acid  on  germanium  internal  reflection  elements 
were  e.xamined  and  information  about  the 
nature  of  the  adsorbed  species  was  obtained.  In 
some  cases  the  infrared  spectra  also  provided 
some  information  about  the  orientation  of  the 
molecules  within  the  adsorbed  layer.  .\5  the 
technique  had  shown  itself  to  be  a useful  one,  we 
have  continued  the  studies  and  have  examined 
the  < tadecan''’,  octart  c'.  ! '.’V'ne 

and  octadecanedioic  acid  on  silica  with  the 
intent  of  providing  some  information  about  the 
effect  of  terminal  functional  groups  on  the 
adsorption  of  linear  C11  molecules. 


'I'he  e.'iperimental  procedures  used  have  been 
described  in  detail  elsewhere  (3).  Octatlccanol 
and  octadecylamine  (5)  were  purified  by 
vacuum  sublimation;  octadecanedioic  acid  of 
>99%  purity  (6)  was  used  as  received.  The 
Cab-O-Sil  (7)  silica  pellets  (3)  were  air-leached 
at  700°C  for  6 hr  and  degassed  for  6 hr  at 
800°C. 


RESULTS  .-AN’D  DISCUSSION 


* Part  IV:  Ref.  (4) 


As  observed  earlier,  the  principal  feature  of 
the  spectrum  of  a degassed  silica  sample  was 
the  sharp  3745  cm"’  band  of  free  silanol  groups 
of  the  silica  surface  (spectrum  A,  l-'ig.  1). 
When  the  sample  wa.s  immersed  in  CCl:  or  in 
iiliv  ol  lite  iMii.Llail-S  4.  Ill  j Co',  C»  I,  llic  Li.iri.'iUii 

tance  increased  because  the  scattering  of 
radiation  by  the  sample  was  decreased,  and 
the  silanol  band  shifted  to  3fiS5  cm~',  e g.. 
Spectrum  T.,  Fig.  1.  In  addition  to  these 
general  ellecls,  the  perturbation  of  the  silanol 
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band  and  the  bands  of  adsorbed  material  were 
observed,  in  the  manner  described  previously 
(1-1). 

Udadecaiiol 

When  a degassed  silica  sample  was  im- 
mersed in  ecu  and  then  the  pure  solvent  was 
replaced  with  solutions  of  octadecanol  in  CCU, 
changes  were  observed  in  the  O-II  and  C-H 
regions  of  spectra  (Fig.  1).  .\s  the  adsorption 
proceeded,  a pair  of  bands  at  2922  and  2850 
cni"‘  became  progressively  more  intense.  These 
bands,  which  match  bands  at  2922  and  2850 
era"*  of  octadecanol  dissolved  in  CC'U,  are 
attributed  to  the  C-H  stretching  modes  of 
adsorbed  octadecanol.  Also,  a broad  absorp- 
tion appeared  in  the  3700-2000  cm~^  range,  and 
the  Si-OH  band  was  slightly  perturbed 
(B-H,  Fig.  1).  Some  tailing  appeared  on  the 
low  frequency  side  of  the  Si-OH  band;  the 
latter’s  intensity  was  not  markedly  affected, 
but  it  is  difficult  to  detect  small  changes  in 
band  heights  because  of  the  Si-OH  band’s 
great  intensity.  The  broad  absorption  was 
caused  by  two  overlapping  bands  centering 
near  3470  and  3330  cm"'.  Xo  bands  were  ob- 
served below  2000  em'h  When  the  adsorbate 
solution  was  replaced  with  pure  CCU  solvent, 
there  were  no  changes  in  band  intensities 
which  would  indicate  that  some  desorption 
had  occurred. 

The  difference  in  frequencies  of  the  un- 
perturbed Si-OH  band  and  the  broad  3470 
cm  band,  Ai/oh,  is  appro.xiinately  275  cm“*  (a 
precise  value  cannot  be  obtained  because  of 
the  broadness  of  one  band),  and  is  of  the  order 
of  magnitude  expected  of  Avon  for  the  per- 
turbation of  a sui  .ace  hydro.xyl  by  interaction 
with  I he  OH  functional  group  of  an  alcohol 
ab;, 01  bate  (.8-11).  Conscqiieiuly,  the  3170 
cm*'  band  is  attributed  to  surface  Si-OH 
groups  perturbed  through  interaction  with 
the  Iiydro.xyls  of  the  adsorbed  alcohol.  The 
second  broad  band  is  attributed  to  the  per- 
turbed ;/(0-H)  mode  of  the  adsorbed  alcohol 
itself. 

The  i<(OIl)  band  of  the  alcohol  is  a broad 
one  centering  near  ,3357  cm**  and  is  consider-^ 
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Fic.  1.  Octadecanol  adsorption,  .\fter  the  spectrum 
of  the  degassed  sample  in  vacuo  was  recorded,  the 
sample  was  immersed  in  CCli(B).  A 0.5  m.t/  oct- 
adecanol solution  was  then  introduced  and  circulated, 
and  spectra  were  recorded  after  0.5  hr  (C),  12  hr  (IJ), 
anil  36  hr  (E).  A 1 m.tf  octadecanol  solution  was  then 
introduced  and  circulated,  spectrum  h being  recorded 
after  3.5  hr  and  spectrum  G after  20  hr.  Spectrum  H 
was  recorded  3.5  hr  after  a 5 m.U  solution  had  been 
introduced. 


ably  lower  than  the  frequency  near  3600  cm*' 
e.xpected  for  a free  0-H  stretching  (12,  13),  so 
that  it  seems  probable  that  the  alcohol  e.xisted 
in  an  associated  form  in  CCb  solution.  The 
band  center  of  the  second  broad  band  bought 
about  by  adsorbed  octadecanol  is  close  to  the 
band  center  of  the  dissolved  octadecanol,  sug- 
gesting that  what  has  been  termed  the  3303 
cm*'  band  was  caused  by  adsorbed,  associated 
octadecanol  molecules  subjected  to  some  addi- 
tional perturbation  because  of  interactions 
with  the  surface.  The  overall  results  thus  sug- 
gest that  the  uptake  of  octadecanol  by  the 
silica  involved  the  binding  of  octadecanol 
dimers  to  surface  Si-OH  groups  via  inter- 
actions of  the  alcohol  hydro.xyls  and  sil.anols, 
the  hydrocarbon  chains  being  “parallel”  to 
the  surface  a.s  the  Claesson’s  model  (14).  With 
such  an  orientation,  the  adso.’-bed  molecules 

bLU.g  csUijjabl^v  r.iiHioj.jj}'  iii:>LljbUicJ,  tile 

est.ablishment  of  cooperative  vibrations  re- 
sulting in  “wagging  bands”  or  band  pro- 
gressions of  the  type  found  in  well-structured 
aggregates  of  normal  higher  alcohols  (151 
would  not  be  possible. 

In  a study  of  the  adsorption  of  aliphatic 
alcohols  from  CCU  onto  nonporous  silica  it  was 
found  that  the  amount  of  methanol  adsorbed 
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Fig.  2.  OcUdecylatnine  sorption.  A:  degassed 
sample  in  vacuum;  B,  after  immersion  in  CCU.  Spectra 
were  recorded  after  0. 1 m-U  ociadec>lamine  solution 
had  been  circulated  for  the  following  periods  in  hr; 
C,  0.5;  D,  20;  E,  62.  The  solution  was  replaced  with 
0.2  m.V  solution,  and  spectra  were  recorded  after 
F,  3.5;  C,  18;  H,  42;  I,  66,  and  J,  120  hr.  The  solution 
was  replaced  by  0.3  m.U  solution,  and  spectra  were 
recorded  after  4.5  (K)  and  144  (L)  hr.  .1/  was  recorded 
19  hr,  and  N after  96  hr,  after  0.4  trulf  had  been  cir- 
culated. Spectrum  0 was  recorded  90  hr  after  0.5  mJ/ 
solution  had  been  circulated. 

per  unit  area  of  adsorbent  surface  varied 
tnarkedly  with  the  degree  of  hydro.\ylation  of 
the  surface.  With  higher  luembers  of  the 
homologous  series  the  effect  was  lessened,  and 
occurred  only  at  very  low  concentrations  with 
H-octanol,  suggesting  that  the  adsorption  of 
methanol  depended  mainly  on  the  interaction 
of  methanol  hydro.cyls  with  surface  silanols, 
whereas  octanol  rnolectiles  were  adsorbed 
mainly  because  the  h3'drocarbon  chains  were 
held  to  the  surface  (16).  The  present  data  also 
point  to  such  an  effect.  Judging  from  the  in- 
tensities of  the  C-H  bands,  the  amount  of 
octadecanol  adsorbed  was  fairly  large,  but  the 
perturbation  of  the  Si-OH  band  was  fairlj’ 
small.  .Also,  at  low  coverage  (C,  Fig.  1)  the 
3 170  cm“‘  band  of  perturbed  silanols  was  rela- 
tivel\‘  intense,  while  at  high  coverage  (E,  Fig. 
1)  the  33.30  cm~'  band  was  the  more  prominent. 
I':!'  I ilt.cl  s -.lA.  ' a.lli' .'  "gt  •' d I 

-alcohol  interaction  occurred  throughout  the 
adsorption  process,  the  relative  e.xteiit  of  that 
interaction  diminished  with  increasing  cover- 
age so  that  at  high  coverage  a large  fraction  of 
octadecanol  molecules  ad.-orbed  without  in- 
teracting with  silanols. 


■ , -..s-  fh-  if'etylii.-rtiiif  ■ ■ 

'Ehc-  inaiat  cti'ecUi  obs*a'S'ed  wheO 
immersed  in  octadeey  lamlne  solutions  (lug.  2).  . 
were  as  follows,  (a)  The  C-II  bands  at  2922 
and  2650  cm“'  of  tidsorbcd  octaclecylajiiinc 
grew  progressively,  (b)  The  Si-OH  band 
broadened,  declined  slightly  in  intensity,  and 
shifted  to  3682  cm"’,  (c)  A broad  ;ind  intense 
absorption  appeared  over  the  3700-2200  cm  ’ 
region.  Superimposed  on  the  broad  absorption 
were  three  minor  absorptions  centered  near 
3440,  3280,  and  3137  cm“*.  The  overall  effects 
were  thus  identical  with  those  found  on  e.v- 
posing  silica  to  gaseous  XHj  (17),  aniline 
(18)  and  aliphatic  amines  (19),  i.e.,  the  amine 
interacted  strongly  with  and  perturbed  the 
surface  silanols.  In  the  present  case,  the  broad 
absorption  appears  to  center  near  2950  cm“',  | 
implying  a Ai/qh  of  about  800  cm”‘.  Such  a 
high  value  would  be  e.vjX'Cted  for  the  strong 
aniine-silanol  interaction;  for  X'Hj,  Asoh  = 750 
cm~' ; and  for  various  amines,  Adoh  = 840- 
950cm->  (19).  , 

The  three  minor  absorptions  in  the  X-H  . 
range  cannot  be  assigned  with  certainty.  One 
of  the  bands  is  at  higher  frequency  than  the 
3392  cm”’  ^..(.V-H)  or  the  )',(X-H)  band  of 
octadecylamine  in  CCb;  and  the  other  two  . 
bands  are  at  lower  frecpiencies  than  would  be  ^ 
expected  for  the  ><  (X-H)  octadecylamine  bands  ' 


Tk;.  3.  0(  taflccylaminc  desorption.  After  spctlrum 
O of  t ig.  2 has  bet-n  recorded,  the  solution  was  re- 
[ilaccd  by  CCli  and  after  21  hr,  spectrum  A was  re*  j 
corded.  I'he  CC'li  was  removed,  the  sy.^tem  degassed  | 
for  14  hr  at  2.S'®C^  and  spectrum  1^  was  recorded.  Then, 
after  degassing  al  20l)^C  for  4 hr,  spectrum  C'  was  ! 
recorded. 
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sliilted  to  lower  frcquciiciL-s  because  of  liy- 
drogen  bonding,  and  their  fretiuencies  do  not 
fit  llellaniy  and  Williams  relation  between 
ea(X-H)  and  e,(X'-ll)  (20)  although  unsyin- 
nietrical  loading,  i.e.,  iiydrogen  bonding  to 
only  one  of  the  hydrogen  atoms  of  the  amine 
group,  may  have  caused  a larger  shift  for  the 
^^(N-ll)  than  for  the  i'u(N-ll)  mode  (21). 
Also,  when  the  sample  was  mildly  degassed, 
the  3137  cm~’  band  disappeared  (C,  Fig.  3). 
Consequently,  it  is  probable  that  three  distinct 
surface  species  were  formed  in  addition  to 
the  physically  adsorbed  amine.  One  of  these 
might  be  a secondary  amine  structure  (ab- 
sorbing at  3440  cm“‘)  formed  by  a reaction, 

H 

I 

O X-R  OH 

/ \ R-XH,  / ! 

Si  Si > Si  -|-  Si  . 

/I\  /i\  /l\  /i\ 

similar  structure  was  postulated  to  account 
for  a band  at  3435  cm"^'  found  upon  adsorbing 
aniline  on  silica  (18).  Some  support  for  such  a 
hydroxyl-generating  chemisorption  comes  from 
the  observation  that  the  Si-OH  band  was 
broadened  and  exhibited  tailing  after  much 
of  the  physically  adsorbed  amine  had  been 
removed  (C,  Fig.  3).  Perhaps  such  a reaction 
can  account  for  the  chemisorption  effects  noted 
on  adsorbing  octadeejdamine  onto  silica  from 


2,5  275  30  325  35  375  /* 
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Fig.  4.  Oct.Klecanedioic  .icid  sorption.  Degasser] 
sample  in  i-ncuo  (A)  and  after  immersion  in  CCb 
(B).  Spectra  were  then  recorded  after  the  circulatiopj 
of  a solution  <^0.03  m.lf  for  42  hr  (C),  '^0.06  m-1/  for 
48  hr  (D),  ~0.1  m.l/  for  48  hr  (K),  and  '^0.03  m.lf  for 
4 hr  (F). 


xylene  (22).  la  the  absence  of  more  detailed 
sjiectroscopic  data,  however,  the  nature  of  the 
s)jecie.s  remains  uncertain. 

Oiimlecanedioic  Acid 

'I'he  spectra  recorded  of  silica  immersed  in 
octadecanedioic  acid  solutions  show  that  the 
adsorption  was  slow  and  sparse,  the  C-II 
bands  of  the  adsorbed  aeid  (2925,  2857  cin“') 
growing  only  slowly  and  not  reaching  great 
intensities  (Fig.  1).  The  Si-OH  band  was  only 
slightly  perturbed.  However,  a weak,  broad 
band  appeared  near  3500  cm"*^  (D,  F'ig.  4), 
and  another  broad  absorption  or  tailing 
(termed  the  3200  cm^^  band  in  analogy  to  a 
similar  band  observed  wath  stearic  acid- 
silica)  extended  to  near  2600  cm~h 

Similar  changes  were  obtained  when  stearic 
acid  adsorbed  on  silica  (3)  and,  using  the  as- 
signments, and  reasons  for  them,  made  earlier 
(3),  the  3500  cm“*  band  is  attributed  to 
i'(O-H)  of  individual  carbon.xyl  groups  inter- 
acting with  silanols,  while  the  broad  3200  cm~' 
band  is  attributed  to  the  //(O-Il)  mode  of 
dimerized  carbo.xvl  groups.  The  stearic  acid- 
silica  and  octadecanedioic  acid-silica  systems 
thus  behave  similarly.  In  the  latter  system, 
however,  the  interaction  of  an  individual  car- 
bo.xyl  group,  i.e.,  one  not  associated  with  an- 
other carboxyl  group,  with  a silanol  does  not 
necessarily  imply  that  the  adsorbed  species  is 
monomeric,  as  is  the  case  with  stearic  acid, 
but  only  that  some  of  the  di-acid  polymer 
chains  were  broken  to  yield  terminal  car- 
boxyls which  could  then  interact  with  silanols. 
The  length  or  configuration  of  the  chains 
bearing  such  carbon.xyls  are  unknown;  pre- 
siuTiably  the  polymer  is  lying  “flat”  on  the 
surface.  Probably  the  adsorption  was  slower 
:ior'  Ic.s.s  C'lji’ou.s  <,{  stearic  ailA  be 

cause  the  polymer  chains  had  to  be  disrupted 
so  that  carboxyl-silanol  interactions  could 
take  place. 

Competitive  A dsorption 

The  present  studies  of  “adsorption  from 
solution”  are  intended  to  provide  some  in- 
formation about  adsorbed  species,  in  analogy 

^ T77rr*T>,  \'oT  1 
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to  similar  spectroscopic  studies  carried  out 
with  gas-solid  systems.  Preferential  of  "selec- 
tive” adsorptions  are  involved.  However,  it  is 
obvious  that  the  systems  are  not  simple  be- 
cause two  adsorbates  are  always  involved  and 
their  competitive  adsorption  influences  ad- 
sorption rates  and  the  nature  of  the  adsorbed 
layer.  The  comple.'cities  involved  in  competi- 
tive adsorption  have  been  reviewed  in  Kip- 
ling’s monograph  (23),  and  factors  such  as  the 
polarity  of  the  surface  or  heats  of  immersion 
have  been  considered.  In  particular,  many 
workers  have  stressed  the  importance  of 
adsorbate-hydroxyl  interactions  for  adsorp- 
tion onto  hydroxylated  surfaces.  For  such 
cases,  the  perturbation  of  surface  h)'drox\ls 
might  constitute  a useful  criterion  for  con- 
sidering competitive  adsorption. 

Spectroscopic  studies  of  gas-solid  inter- 
actions have  provided  numerous  examples  of 
the  perturbation  of  surface  hydro.xyls  by 
adsorbed  materials  of  all  tjpes  (24),  and  it 
seems  generally  accepted  that  the  extent  of 
the  perturbation,  in  terms  of  the  magnitude  of 
the  hydro.xyl  shift  Ai/oh,  is  a measure  of  the 
strength  of  the  OH-adsorbate  interaction. 
The  mechanism  fs  stili  in  question,  but  it  is 
clear  that  the  magnitude  of  Ai/qh  is  related  to 
the  group  functionality  of  the  adsorbate  in 
most  cases  (25).  Similar  hydroxyl  shifts  occur 
when  hydroxylated  solids  are  immersed  in 
liquids,  e.g..  Fig.  1,  although  data  are  sparse 
and  some  of  them  were  obtained  in  the  over- 
tone region  (26).  It  seems  useful  to  extend 
these  concepts  to  adsorption  onto  a hydroxy- 
lated surface  from  a binary  solution. 

For  example,  for  the  methyl  acetate/ 
benzene/silica  gel  system,  methyl  acetate  was 
preferentially  adsorbed  (27).  For  benzene 
vapor  ad.sorben  on  silica,  Ai'oit  = 120  enr' 

(J5  , .-.iifl  -\' V. 

taken  to  be  closely  approximated  by  the  value 
of  280  cm“'  found  for  ethyl  acetate  (25). 

Al.so,  silica  adsorbs  alcohols  in  preference  to 
i-octane  (28).  For  alcohols  a Aeon  value  of 
~300  cm~‘  may  be  taken ; for  f oqtane,  the 
Ai/oit  value  is  api)ro.\imated  by  tfiat  of  ,.45 
cm"' for  f-hef)tanc  (25).  i. 

O UiCO 
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Silica  adsorbs  alcohols  (Azorit^300  cm  ') 
in  preference  to  benzene  (Azoh  — 120  cm  ') 
(27,  20-31). 

For  adsorption  on  silica,  Robert  (32)  re- 
ported the  followiiig  preferential  adsorptions; 

CH-XH,rAzoH^840  cm“‘  (10)] 

> CH:,OH(Avoh  ~ 300  cm-‘) 

(CH-:)>COLA*'oh  330  cm -‘(25)] 

> (CII,),C1IOH(Azok  ~ 60  cm-*) 


benzene  (Avon  tie  120  cm  '*) 

> w-heptane  (Ayoii  ~ 45  ctn"‘) 


In  each  of  the  examples  cited,  the  adsorbate' 
p.’-oditcing  the  largest  Azoti  rvhen  adsorbed  in- 
dividually on  silica  is  the  one  which  was 
preferentially  adsorbed  from  a binary  liquid! 
mixture,  and  this  lends  some  support  to  the 
suggestion  that  Ai/oit  may  be  used  to  estimate  i 

which  of  two,  or  perhaps  several,  components  I 

would  interact  preferentially  with  surface 
hydroxyls,  'fhe  present  data  follow  this  trend 
also.  Howewer,  the  relation  could  only  be  ex-  ] 

peered  to  be  a reasonable  one  if  chemisori)-  i 

t.'o.n  were  not  involved,  and  if  the  adsorbate 
molecules  were  rel.itivcly  simple,  i.e.,  small 
ones,  which  would  not  polymerize  or  for  which 
the  OH-funcliona!  group  interaction  would  not 
be  overcome  by  the  interaction  of  some  other 
part  of  the  adsorbed  molecules  with  the  surface. 

The  relation,  which  woukl  be  applicable  to 
all  types  of  hydro.xj'lated  surfaces,  would  seem 
to  be  a useful  one  which  should  be  further 
explorexl. 
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INFRARED  SPECTRA  OF  WATER  IN  AQUEOUS  SOLUTIONS 
USING  INTERNAL  REFLECTION  SPECTROSCOPY 

M.J.D.  Low  and  R.T.  Yang 

Department  of  Chemistry 
New  York  University 
New  York,  N.Y.  10453 

There  has  been  a continuing  interest  in  the  structure 
of  water  and  of  aqueous  solutions,  and  many  studies  have  em- 
ployed spectroscopic  techniques.  These  have  frequently  in- 
volved absorption  spectroscopy  in  the  near-IR  range,  and 
Raman  scattering.  In  general,  however,  the  normal  IR  range 
has  been  but  little  used  except  for  studies  of  HDO-contain- 
ing  solutions,  and  the  region  near  3500  cm"'  of  the  intense 
Hj 0 absorption  has  been  almost  completely  avoided.  Trans- 
mission techniques  have  been  exclusively  employed  with  ab- 
sorption spectroscopy.  Internal  reflection  spectroscopy 
(IRS)  techniques  have  been  employed  to  examine  aqueous 
solutions,  but  the  emphasis  was  placed  on  studying  the 
solute  rather  than  the  solvent.  Also,  the  solute  concen- 
trations which  had  been  employed  in  transmission  studies 
have  been  rather  high.  We  now  suggest  the  feasibility  of 
carrying  out  structural  studies  of  aqueous  solutions  by 
using  IRS  techniques  to  record  spectra  in  the  IR  range,  em- 
ploying solutions  of  relatively  low  concentrations.  For 
example,  the  lowest  concentration  of  aqueous  HCl  solution 
examined  by  Ackermann^  was  2.5  M by  transmission  techniques 
in  the  4000-1100  cm"'  range;  in  contrast,  using  IRS,  the 
perturbations  of  the  0-H  stretching  and  deformation  bands 
of  Hj 0 could  be  observed  with  0.1  M HCl. 
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Some  of  the  exploratory  results  are  shown  in  Figs. 
1-4.  Each  IRS  spectrum  shown  was  "solvent-compensated" 
by  ratioing  the  single-beam  spectrum  of  the  solution 
against  the  single-beam  spectrum  of  pure  H^O,  using  dig- 
ital computation.  Spectra  were  recorded  at  room  temperature, 
nominally  with  a modified  Digilab,  Inc.  Model  FTS-14 

Fourier  transform  spectrometer  at  a resolution  of  8 cra“’  ; 

200  interferograms  were  summed.  The  optics,  which  incorpo- 
rated a Ge  IRS  element,  were  adjusted  so  that  the  trans- 
mittance near  3500  cm“*  was  ~ 50%,  i.e.,  the  equivalent 
penetration  depth  was  ~ 0.8  so  that  quite  a thin  layer 
of  liquid  was  studied.  Some  additional  experimental  de- 
tails are  given  elsewhere. ^ 

The  "negative"  and  "positive"  bands  appearing  in  IR 
spectra  of  aqueous  solutions  (Fig.  1)  are  caused  by  dif- 
ferences between  the  contour  of  the  0-H  stretching  band 
of  the  HjO  of  the  solution  and  that  of  pure  HjO,  and  re- 
flect changes  in  the  absorption  of  the  solvent  brought 
about  by  the  presence  of  the  solute.  The  extents  of  the 
perturbations,  i.e.,  the  intensities  of  the  positive  and 
negative  bands  and  their  frequencies,  are  functions  of 
the  nature  of  the  solute,  and  can  be  observed  at  rela- 
tively low  concentrations  (Fig.  2) . Perturbations  of 
the  O deformation  mode  can  be  similarly  observed  (Fig. 3), 
and  quantitative  relations  between  band  intensities  and 
solute  concentrations  can  be  obtained,  e.g..  Fig.  4;  the 
upper  plots  refer  to  the  variation  of  the  absorptivity  of 
the  3470  and  3250  cm"’  bands  caused  by  NaBr,  and  the  lower 
plots  to  changes  caused  by  NaNOj . It  seems  possible  to 
interprete  the  effects  in  terms  of  "structure-breaking"  and 

4 

"structure-making"  effects  of  the  solutes,  but  this  is  best 
deferred  until  computer-resolution  of  the  bands  has  been 
effected. 
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FIG.  3 

Spectra  of  NaBr  Solutions 


M N0NO3 

FIG.  4 

Effects  of  Concentration 


The  mechanics  involved  in  obtaining  and  examining  the 
necessarily  thin  liquid  layers  are  fairly  simple  if  IRS 
techniques  are  used,  and  spectra  of  dilute  solutions  can  be 
obtained.  A correction  for  changes  in  penetration  depth 
with  frequency  can  be  applied  where  needed.  The  signal-to- 
noise  ratio  of  the  spectra  can  be  improved  through  additional 
multiple  scanning  and  the  use  of  a better  detector.  It  was 
not  feasible  to  study  Dj 0 and  HDO-containing  solutions,  but 


--.'Vf 


INFRARED  SPECTRA  OF  WATER 


that  should  be  straight-forward  because  spectra  can  be  re- 
j corded  over  the  3800  - 800  cm"'  range.  Also,  thermostatting 

the  IRS  device,  so  that  temperature  effects  can  be  investi- 
> gated,  should  present  little  difficulty.  It  would  thus  seem 

that  IRS  techniques,  especially  in  conjunction  with  a Fourier 
transform  spectrometer  and  digital  data  handling  techniques. 


affords  a useful  approach  to  the  study  of  structural  effects 
with  associated  liquids. 
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Quantitative  Analysis  of  Aqueous  Nitrite/Nitrate  Solutions  by 
Infrared  Internal  Reflectance  Spectrometry 

R.  T.  Yang  and  M.  J.  0.  Low 

Department  ot  Chemistry,  New  York  University,  New  York,  N.  Y.  10003 


Infrared  spectra  of  aqueous  NO2  and  NOs'  solutions, 
and  of  binary  mixtures,  were  recorded  using  internal  re- 
flection techniques  and  a Fourier  transform  spectrome- 
ter. NO2''  could  be  detected  at  a concentration  of  0.02M, 
and  N03~  at  0.001  M.  However,  N03~  also  became  ad- 
sorbed on  the  Ge  prism.  After  making  corrections  for 
N03~  adsorption  and  for  overlapping  of  N02~  and  N03~ 
bands,  it  was  possible  to  analyze  binary  mixtures  with 
concentrations  as  low  as  [NO3"]  = 0.03M  and  [NO2"]  = 
0.05M.  By  adjusting  the  optics  so  that  the  usually  totally 
absorbing  water  stretching  band  had  a transmittance  of 
about  50%,  it  was  possible  to  observe  N-H  and  C-H 
stretching  bands  of  solutes.  Dissolved  materials  cause 
the  water  structure  and  consequently  the  water  absorp- 
tion to  change,  causing  distortions  of  the  background  of 
ratioed  spectra  of  aqueous  solutions.  These  distortions 
may  influence  qualitative  and  quantitative  observations. 

The  utility  of  infrared  internal  reflection  spectrometry 
(IRS)  in  providing  information  about  adsorption  from  or- 
ganic solvent  at  the  liquid-solid  interface  (/)  led  us  to  at- 
tempt to  study  adsorption  from  aqueous  solution,  using  a 
Ge  IRS  prism  as  adsorbent  as  well  as  for  optical  purposes. 
NOs'  became  adsorbed  on  Ge,  prompting  us  to  examine 
the  quantitative  aspects  of  the  infrared  analysis  of  aque- 
ous solutions  of  NOs”,  NO2  , and  of  NO3  -NO2" 
mixtures. 

(1)  R.  T.  Yang.  M J.  D.  Low.  G.  L Haller,  and  J Fenn..  J Colloid  In- 
terlace Sci..  in  press 


IRS  analysis  of  aqueous  NaNOa  solutions  has  been  de- 
scribed by  Katlafsky  and  Keller  (2),  who  found  a linear 
variation.  INO3  ] = aAINOs”),  of  the  1335-cm-*  NO3 
absorbance  over  the  5-20%  concentration  range.  AlNOa") 
is  the  NOa"  absorbance.  Wilhite  and  Ellis  (3),  using  IRS, 
reported  a similar  linear  variation  for  the  0.1-lM  NO3' 
range,  but  another  linear  relation,  INO3")  = 6 4- 
cAfNOa  ),  for  the  O.Ol-O.lM  NO3"  range.  Ahlijah  and 
Mooney  (4)  used  IRS  to  analyze  aqueous  NaNOa-NaNOa 
solutions;  their  calibration  plots  were  linear  but  their 
graphs  (.5)  show  them  to  be  [NOa'I  = d + cAiNOa^ ) and 
(NOa'l  = / + j?A(N02").  Values  of  d and  f are  near  0.08 
and  0.1  absorbance.  As  our  observations  differ  somewhat 
from  those  made  earlier,  and  the  method  is  of  potential 
utility,  we  describe  our  IRS  study  of  aqueous  NO3', 
NO3  , and  NOa’-NOa  solutions. 

EXPERIMENTAL 

A trapezoidal  Ge  single-pass  plate.  52  X 20  X I mm,  was  used 
in  conjunction  with  a suitable  variable- angle  attachment  de- 
scribed elsewhere  (7).  Spectra  having  a constant  resolution  of  8 
cm  ' were  recorded  with  a modified  Digilab  Mtxicl  KTS-14  Fouri- 
er transform  spectrometer  (6).  .All  single-beam  spectra  were  ob- 
tained by  summing  400  interferograms.  After  the  cell  containing 

(2)  B Katlafsky  and  R.  E Keller.  Anai  Chem  . 35.  1665  (1963) 

(3)  R.  N.  Wilhite  and  R.  F.  Ellis,  AppI  Specirosc..  17,  168  (1963). 

(4)  G.  E B Y Ahlijah  and  E F.  Mooney.  Spectrochim  Ada  . 2SA.  619 
(1969). 

(5)  Re(.  4.  figure  5 

(6)  M J D Low.  A J Goodsel.  and  H.  Mark,  in  Molecular  Spectros- 
copy 1971.  P.  Hepple.  Ed  . Proc.  5th  Cont  Molecular  Spectrosco- 
py. Brighton.  England,  1971;  Institute  ot  Petroleum.  London.  1972. 
pp  383tf 
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Figure  1.  Single-beam  spectra 

iA)  Dry  Ge  plate  in  empty  cell;  (B)  water;  (C)  aqueous  solution  0.2M  in 
NaNOa  and  0.2M  in  NaNO?;  (O)  aqueous  solution  0.03A^  in  NaNOp  and 
0 05M  in  NaNOs 

the  Ge  plate  was  installed,  the  sampling  compartment  was  flushed 
with  dry  air.  The  cell  remained  in  place  throughout  a series  of 
measurements  so  that  its  transmittance  remained  constant;  small 
changes  in  cell  position  can  cause  transmittance  changes  which 
can  affect  the  results  obtained  when  two  single-beam  spectra  are 
ratioed.  Also,  the  measured  band  intensities  are  dependent  on 
factors  such  as  the  angle  of  incidence,  beam  convergence,  detailed 
crystal  geometry,  and  crystal  index,  which  remained  constant  be- 
cause a single  experimental  setup  was  used;  band  intensity  values 
would  change  if  a different  setup  were  to  be  used.  Pure  water  or 
solutions  of  various  NH4NO2,  NH4NO3,  NaNOa,  NaNOa,  or 
NaNOa  concentrations,  prepared  from  distilled  water  and  re- 
agent-grade  chemicals,  were  placed  into  the  cell  or  were  with- 
drawn from  it  by  means  of  syringes  and  Teflon  (DuPont)  tubing 
was  permanently  attached  to  the  cell. 

RESULTS  AND  DISCUSSION 

Only  single-beam  spectra  were  measured.  These  were 
stored  by  the  instrument’s  disk  memory,  retrieved,  and 
ratioed  by  computation  as  required,  using  the  instru- 
ment's digital  computer.  Some  examples  of  single-beam 
spectra  are  shown  in  Figure  1.  The  equivalent  penetration 
depth  (7),  computed  by  taking  the  molar  extinction  coef- 
ficient of  liquid  water  to  be  81  at  34.50  cm'*  (8),  was  3.1  pi 
at  34.50  cm  • and  about  8 g at  1600  cm'*.  Spectrum  A is 
the  "background”  of  the  Ge  plate  in  air.  There  were 
prominent  CO2  bands,  and  some  water  vaiior  bands  in  the 
1900- 14(X)  cm  * region,  caused  by  residual  water  vapor  in 
the  spectrometer.  When  water  was  in  contact  with  the  Ge 
plate,  the  prominent  OH  .stretching  and  deformation 
bands  were  superimposed  on  the  background  (B,  Figure 
1).  The  single-beam  spectra  of  dilute  solutions  (C,  D,  Fig- 
ure 1 ) are  similar  to  the  spectrum  of  water;  the  bands  of 
the  solute  are  not  prominent.  The  instrument  function 
was  removed  when  two  such  single-beam  spectra  were  ra- 
tioed. If  the  empty  cell  was  used  as  reference,  the  ratioed 
spectra  had  the  appearance  of  spectra  obtained  by  the 
u.sual  double-beam  operation,  e.g.,  A.  B,  Figure  2.  When 
water  was  used  as  the  reference,  the  ratioed  spectra  had 
the  appearance  of  double-beam,  solvent -compensated 
spectra  (C,  D,  Figure  2).  The  slight  CO2  bands  which  ap- 
peared in  some  spectra  were  brought  about  by  changes  in 

(7)  N J Harrick.  Internal  Reflection  Spectroscopy.  ' tnterscience. 

New  York.  N Y , 1967 

(8t  W K Thompson.  Trans  FaraOaySoc  81.  2635  (196S) 
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Figure  2.  Ratioed  spectra 

Each  spectrum  shown  was  obtained  by  ratioing  two  of  the  spectra  of  Fig. 
ure  1.  (A)  water  (B.  Figure  1/A,  Figure  1);  (B)  0.2M  NaNO?  + 0 2M 
NaNOa  solution  (C,  Figure  1/A.  Figure  1),  (C)  0 2M  NaNO;  -F  0 2M 
NaNOs  solution  (C.  Figure  1/B.  Figure  1);  (D)  0 03M  NaNOj  + 0 05M 
NaNOs  solution  (D.  Figure  1/B.  Figure  1) 


Figure  3.  Scale-expanded  spectra 

(A)  "100%  line";  see  text;  (B)  0 2M  NaNOj  -F  0 2M  NaNOs  solution; 
scale-expanded  segment  of  spectrum  B of  Figure  2.  (C)  0 03M  NaNO.-  + 
0.05M  NaNOs  solution;  scale-expanded  segment  of  spectrum  D of  Figure 
2 

the  efficiency  of  the  air  dryer.  The  noise  above  3000  cm  * 
and  below  1000  cm"*  in  spectra  C and  D of  Figure  2 was 
the  result  of  ratioing  spectra  in  regions  where  the  trans- 
mittance was  very  low.  In  spectrum  C,  the  negative  OH 
stretching  band,  the  negative  OH  deformation  band,  and 
the  increase  in  absorption  below  1000  cm  *.  which  are 
barely  detectable  in  spectrum  D.  are  not  artifacts.  These 
changes  were  caused  by  variations  in  the  absorptivity  of 
the  water  present  in  the  solution,  the  water  structure 
being  affected  by  the  solutes. 

The  absorptions  of  NO3  and  NO2  , barely  detectable 
in  the  single-beam  spectra,  became  more  recogni7.able  in 
the  ratioed  spectra  (.A,  B.  Figure  2);  computer-produced 
scale  expansion  then  made  the  bands  usable.  Examples 
are  shown  in  Figure  3.  Trace  A of  that  figure  was  obtained 
by  recording  two  single-beam  spectra  of  water  and  ra- 
tioing them  against  one  another,  in  order  to  obtain  an  es- 
timate of  the  noise  level;  it  can  be  taken  as  a “1(K)%  line.” 
Spectrum  B shows  the  NO3  and  NO2  bands.  Spectrum 
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Figure  4,  Spectra  of  NH^NOj  solutions.  The  numbers  next  to 
each  trace  indicate  the  molar  concentrations 


Figure  S.  Calibration  curves 

C is  a highly  scale-expanded  segment  of  spectrum  D of 
Figure  2,  plotted  to  the  same  scale  as  spectrum  C of  Fig- 
ure 3;  the  noise  level  is  consequently  higher. 

The  ratioing  and  scale-expansion  techniques  outlined 
were  used  to  examine  single  and  binary  solutions  of  vari- 
ous concentrations.  Some  segments  of  spectra  of  NH4NO2 
solutions  are  shown  in  Figure  4.  Similar  results  were  ob- 
tained with  NaN02  solutions,  the  intensity  of  the  1237- 
cm  ‘ NO2  band  decrea.sing  progre.s.sively  with  decreasing 
NO2  concentration.  A reasonably  linear  relation  between 
the  absorbance  of  the  r237-cm  ' band  and  NO2  concen- 
tration was  obtained  (F'igure  5).  The  lowest  concentration 
yielding  a usable  spectrum  was  ().02M. 

Similar  measurements  were  carried  out  with  NO,3  so- 
lutions. Some  results  obtained  with  NaNOa  are  shown  in 
Figure  6.  The  intensity  of  the  NOs  band  decreased  pro- 
gressively as  the  N'Os  decreased,  but  remained  constant 
at  concentrations  less  than  O.OOl.W  (F'igure  6A). 

With  relatively  concentrated  solutions,  the  NO3  band 
was  broad  and  had  a maximum  at  1352  cm  * and  a shoul- 
der near  14<H)  cm  ■ (F'igure  6rt).  (The  weak  symmetric 
stretching  band  of  NO.i  could  also  be  observed  near  1050 
cm  ' with  \M  NO3  solutions.)  When  the  NO.i  concen- 
tration declined,  the  14()0-cm  ' absorption  diminished 
and  the  maximum  o(  the  residual,  sharp  band  shifted  to 
IToO  cm  ‘.  The  NO3  band  of  the  more  concentrated  so- 
lutions is  more  like  that  of  solid  NaN'O.i.  for  which  the 
asymmetric  stretching  hand  is  at  1374  cm  ' (9). 

(9)  M Anbar  M Halman,  and  S.  Pinchas,  J Chem  Soc  1960.  1242 
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Figure  6.  Spectra  of  NaNOs  solutions 

The  numbers  next  to  each  trace  indicate  INO3  ] in  M.  All  spectra  are 
scale-expanded.  Part  A shows  segments  taken  from  a series  of  spectra, 
all  spectra  of  the  series  being  scale-expanded  by  the  same  factor:  band 
intensity  is  consequently  proportional  to  concentration  The  same  seg- 
ments are  shown  again  in  Part  B.  In  order  to  make  changes  in  band  con- 
tour more  detectable,  only  the  absorption  in  the  1550-1000  cm  ' range 
was  expanded.  For  each  segment,  the  lowest  absorption  within  that 
range  was  placed  at  the  bottom  of  the  chart  and  the  highest  absorption 
at  the  top  of  the  chart,  so  that  the  peak  heights  are  the  same  The  ex- 
pansion factor  is  different  lor  each  segment  and  is  supplied  by  the  com- 
puter 

The  sharp  residual  NO3  band,  which  could  not  be  di- 
minished by  extensive  flushing  with  water  but  which 
could  be  removed  by  treating  the  Ge  plate  with  hot  chro- 
mic acid  cleaning  solution,  is  attributed  to  an  N03" 
species  fairly  strongly  bound  to  the  Ge  surface.  Using  the 
absorbance  of  the  residual  peak,  and  assuming  that  the 
species  causing  the  band  was  NO3",  and  that  the  area  of 
the  Ge  plate  was  20  cm^,  leads  to  an  estimate  of  one  ad- 
sorbed unit  per  5-10  A of  surface. 

The  total  N03’  absorbance  at  1352  cm-’  could  be  cor- 
rected by  subtracting  the  absorbance  of  the  residual  band 
of  the  adsorbed  material.  When  this  was  done,  the  absorb- 
ance of  NO3-  in  solution  was  found,  and  a reasonably  lin- 
ear relation  between  the  corrected  absorbance  values  and 
NO3-  concentration  was  obtained  (Figure  5).  From  that 
plot,  the  absorbance  of  the  residual  band  (0.0111)  is 
equivalent  to  the  absorbance  of  ~0.05A4  NO3-  solution. 
Using  the  extinction  coefficient  of  NO3  for  the  adsorbed 
species  and  estimating  an  equivalent  penetration  depth  of 
about  7 g at  1350  cm  ’ leads  to  an  estimate  that  the  ab- 
sorbance of  the  adsorbed  species  was  equivalent  to  the  ab- 
sorbance of  a solution  of  about  0.06M  NO3  , in  fair  agree- 
ment with  the  value  obtained  from  the  NO3-  calibration 
curve. 

Flowever,  the  calibration  plots  of  Figure  5 cannot  be 
u.sed  directly  for  estimating  the  concentrations  of  NO3- 
NO2-  mixtures.  The  1237-cm  ’ NO2-  band  (asymmetric 
stretching)  has  a shoulder  at  1340  cm  ’ (symmetric 
stretching)  which,  as  shown  clearly  by  Figure  7.  over- 
lapped the  13,52-cm  ' NO3  band.  The  latter  does  not 
cause  the  absorbance  of  the  1237-cm  ’ NO2  band  to 
change  significantly.  The  ratio  of  the  absorbance  at  the 
134()-cm  ’ shoulder  and  that  of  the  1237-cm  ’ band  is 
about  4:21.  Taking  the  ratio  of  the  absorbances  of  the 
NO2  asymmetric  and  symmetric  stretching  bands  to  be 
constant  then  gives  |absorbance  at  1352  cm  ’ due  to 
NO3  ] = [total  absorbance  at  1352  cm  ’]  - (absorbance 
at  1237  cm  ’/5.25). 

Some  results  obtained  with  dilute  solutions  are  summa- 
rized in  Table  1.  The  correction  for  NO3  has  been  made. 
The  agreement  between  actual  and  found  values  is  not 
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Table  I.  Analysis  ol  NaN03-NaN02  Solutions 


M NOz 

MNO3- 

M NO3 

M NO3 

actual 

actual 

found 

found" 

0.20 

0.20 

0.20 

0.21 

0.050 

0.050 

0.059 

0.058 

0.050 

0.150 

0.064 

0.18 

0.15 

0.050 

0.14 

0.06 

0.050 

0.030 

0.044 

0.033 

^ Corrected  for  adsorption  and  band  overlapping. 


Table  II.  Absorptions  of  NaN02  and  NaNOa 

IRS 


Katlafsky  Ahlijah 

and  and  Transmittance 


This 

Keller 

Mooney  * 

work 

(2) 

(4) 

(ft) 

(9.  12) 

Assignment 

1352 

1335 

1333 

1370 

1385 

NO3 

asym.  stretch 

1047 

1045 

1050 

1049 

sym.  stretch 

1340 

1316 

1335 

NO? 

asym.  stretch 

1237 

1225 

1220 

1240 

sym.  stretch 

unreasonable.  If  the  correction  for  the  band  overlapping 
had  not  been  made,  the  NOa”  concentration  values  would 
have  been  too  high  by  about  '/tj  of  the  concentration  of 
NO2'.  It  is  pertinent  to  note  that  the  lowest  concentra- 
tions reported  earlier  (4)  for  a binary  mixture  were 
IN02")  = 0.7M.  INO3  I = 0..W.  14  and  17  times  as  great 
as  the  lowest  values  in  Table  1. 

There  are  considerable  differences  in  the  frequencies  of 
the  NO3  and  NO2  absorptions  which  have  been  report- 
ed; a summary  is  given  in  Table  II.  The  dispersion  of  the 
index  of  refraction  in  the  infrared  region  is  known  (7);  i.e.. 
in  the  vicinity  of  an  absorption  band,  the  index  of  refrac- 
tion first  decreases,  then  increases  sharply,  and  decreases 
again  to  approach  the  normal  value  after  the  absorption 
has  been  passed.  Consequently,  with  IRS,  the  penetration 
depth  reaches  a maximum  when  the  index  of  refraction 
reaches  a maximum  and  absorption  increases.  When  the 
sine  of  the  incident  angle  is  very  close  to  the  ratio  of  the 
refractive  indices,  the  absorption  band  maximum  is  dis- 
torted toward  lower  frequency. 

In  the  present  experiments,  Ge  and  an  average  angle  of 
incidence  more  than  60°  were  employed.  The  sine  of  the 
incident  angle  and  the  refractive  index  ratio  of  the  Ge  and 
liquid  are  far  apart  (0.87  and  0.33).  The  effect  of  the  dis- 
persion of  the  refractive  index  of  the  aqueous  solution  on 
the  absorption  band  positions  was  therefore  negligible. 
However,  Katlafsky  and  Keller  (2)  used  an  Irtran-2  plate 
with  an  incident  angle  of  40°.  The  critical  angle  for  the 
system  ZnS(Irtran-2)-H20  in  the  infrared  range  is  37..5%. 
Consequently,  the  incident  angle  was  quite  close  to  the 
critical  angle,  and  any  dispersion  of  the  refractive  index 
would  cause  a shift  of  absorption  band  maxima.  Similarly, 
Ahlijah  and  Mooney  (4.  10)  used  a KRS-.'t  plate  and  stat- 
ed that  the  incident  angle  was  ,30°.  However,  the  critical 
angle  for  the  KRS-.5-H2O  system  is  ,33.7°,  the  refractive 
index  of  KRS-.5  and  H2O  being  taken  as  2.4  (7)  and  1.33, 
respectively.  Their  measurements  must  have  been  made 
with  the  incident  angle  close  to  the  critical  angle,  so  that, 
again,  band  distortions  occurred.  The  low  values  of  band 
p<«itions  reported  by  Katlafsky  and  Keller  and  by  Ahlijah 
and  Mfxmey  can  be  attribvited  to  such  band  distortions. 

(10)  G E B Y Ahlitah.  and  E F Mooney,  Specirochim  Acta.  22A. 
547  (1966) 

(11)  L V Volod  ko  and  L T Huoah  Zh  Prikt  Spcktrosk  . 9.  644 
(1968) 

(12)  R E VVeston.  Jr  , and  T F Brodasky.  J Chem  Phys  27.  683 
(1957) 


Figure  7.  Spectra  of  NO3  and  NO? 


Figure  8.  Spectra  ol  HjO  and  NH3NO3  solutions 
(A)  Water;  (B)  2M  NH.NOs  solution.  The  relerence  used  (or  the  ratioed 
spectra  A and  B vras  the  single-beam  spectrum  of  the  dry  Ge  (C)  2M 
NH4NO3  solution,  the  ratio  of  spectra  B and  A.  (D)  1M  NH4NO3  solution, 
the  ratio  of  a spectrum  (of  1M  NH4NO3  solution  similar  to  spectrum  C) 
and  spectrum  A 


Figure  9.  Spectra  of  NH. ' Scale-expanded  segments  of  spec- 
tra C and  D of  Figure  8 

It  was  of  interest  to  determine  how  well  spectral  fea- 
tures of  dissolved  materials  could  be  discerned  in  the  vi- 
cinity of  the  intense  water  stretching  band.  Consequently, 
the  incident  angle  was  adjusted  to  decrease  the  penetra- 
tion depth  to  about  0.8  p at  ,3400  cm  '.  The  spectra  of 
Figure  8 were  then  recorded. 

The  water  stretching  band  (A.  Figure  8).  obtained  at 
about  .'>0%  maximum  transmittance,  has  the  same  contour 
as  the  hand  observed  by  transmittance  measurements  by 
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Thompson  et  al.  (13).  Two  broad  absorptions  due  to 
NH4*  {«)  appear  on  the  low-wavenumber  side  of  the  OH 
band  in  the  3100-2600  cm"*  region  when  NH4NO3  is  dis- 
solved in  the  water  (B,  Figure  8),  and  these  become  more 
prominent  when  the  spectra  are  solvent-compensated  (C, 
D,  Figure  8)  and  then  scale-expanded  (Figure  9).  There  is, 
however,  some  distortion  of  the  3050-cm  * band  because  of 
the  negative  OH  band.  The  distortion  decreases  as  the 
solute  concentration  is  decreased,  but  this  also  decreases  the 
solute  band.  Consequently,  as  the  liquid  layer  is  necessarily 
thin  as  well  as  dilute,  the  signal-to-noise  ratio  decreases. 
With  the  present  technique,  the  lowest  concentrations  at 
which  N-H  and  C-H  bands  (similar  experiments  were 
made  with  aqueous  methanol,  Na  citrate,  etc.)  were  ob- 
served were  nearO.lM. 

(13)  W K Thompson.  W A Senior,  and  B A Pethica,  Nature  (Lort- 
dort)  211.  1086  (1966) 


The  results  thus  show  that  it  is  feasible  to  obtain  spec- 
tral information  near  or  even  at  tbe  position  of  one  of  the 
strong  water  absorptions.  It  must  be  kept  in  mind,  how- 
ever, that  the  presence  of  solutes  causes  the  water  bands 
to  change  in  absorption,  so  that  distortions  result.  Such 
distortions  may  al.so  affect  quantitative  results  by  causing 
base  lines  to  fluctuate.  The  distortions  decrease  in  inten- 
sity with  decreasing  solute  concentration.  However,  be- 
cause their  intensities  and  frequencies  are  a function  of 
the  nature  of  the  solute,  they  cannot  be  precisely  compen- 
sated. 
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Infrared  internal  reflection  spectra  of  methanol-water  mixtures 

It.  T.  Y.\no  and  M.  J.  1).  Low* 

Di’piirtnu  nt  of  C'heini.stry,  Xow  York  University, 

4 Washington  Place,  New  York,  N.Y.  lOOOli,  U.S.A. 

[Jieceived  Ik  October  1973) 

Abstract —Infrared  spectra  of  0 100  vol°'  methanol-water  mixtures  wijre  recorded  o\er  the 
3900  900  cm~*  range  at  8 cm'*  resolution  using  internal  reflection  techniques  and  a Fourier 
transform  spi’Ctrometer.  There  were  interactions  of  the  uater  and  methanol  which  made 
themselves  evident  as  changes  of  the  watsT  Oil  stretching  and  ileformation  band  frequencies. 
The  methanol  band  frequencies  were  unaffected  by  changes  in  concentration  and  consequently 
those  bands  can  bo  used  for  ((uantitative  puiposes,  but  water  liands  should  not  bo  used  for 
precise  determinations. 

l.NTRODfCTION’ 

Malone  and  Floeknoy  have  measured  infrared  internal  reflection  spectra  of 
aqueous  solutions  of  methanol,  ethanol,  w-prupanol,  and  i-propanol,  and  reported 
that  Beer's  Law  concentration  dependencies  were  obtained  over  (1-100%  con- 
centration ranges,  so  that  the  measurt  ments  would  be  u.seful  as  a quantitative 
analytical  procedure  [1].  Xo  band  frequency  changes  were  observed,  excejit  for  the 
skeletal  bands  of  /i-propanol,  and  they  commented  that  “ . . . no  explanation  has 
been  derived  for  the  surprisingly  linear  relationships  found  for  the.se  non-ideal 
solutions”  [1].  As  they  poinUsl  out  for  the  case  of  methanol-water  mixtures,  the 
absence  of  detectable  shifts  in  vibrational  fre<)uencies  over  the  wide  range  of  con- 
centrations indicates  that  tliere  were  no  significant  changes  in  intermolccular 
bonding.  However,  these  general  observations  conflict  with  earlier  ones  made  with 
ethanol-water  mixtures:  Szkpesy  et  al.,  recorded  transmission  spectra  of  ethanol- 
water  mixtures  in  the  overtone  region  and  reported  finding  Beer's  Law  deviations 
which  they  attributed  to  ethanol-water  interactions  [2].  Also,  Spink  and  Wyckoff 
measured  near-infrared  differential  spectra  of  .several  simple  alcohols  in  aqueous 
solution  and  found  changes  in  the  860-1020  nm  region  which  they  used  to  derive  the 
apparent  hydration  numbers  of  the  alcohols  [3]. 

This  di.scrcpancy  was  of  interest  to  us  because  changes  in  solute-solvent  inter- 
actions are  pertinent  to  our  infrared  studies  of  adsor[)tion  i)henomena  occurring  at 
the  liquid-solid  interface  [4].  As  we  contemplated  u.sing  ad.sorbatcs  dissolved  in 
methanol-water  mixtures,  the  methanol-water  system  was  reinvestigated. 

Experimental 

Internal  reflection  techniques  were  employed  using  a Ge  prism  in  a suitable 
attachment  [4],  The  incident  angle  was  adjusted  to  give  an  equivalent  penetration 

* To  whom  inquirii'S  .shouUl  be  addressed. 

[1]  C.  P.  .Mai.one  and  P.  A.  Flocunoy,  iipectrocliim.  Acta  21,  1301  (1905). 

[2]  (!.  L.  SzEPEsY,  .1.  Cs.vsz.vii,  and  L.  Leuotai,  Acta  Cniv.  Szegedien-iir,  Acta  VUijs.  et  Chim.  2, 
149  (19.50). 

[3]  ('.  H.  Spink  and  J.  C.  Wyckopf,  .7.  VhtjK.  Chem.  76,  1060  (1972). 

[4]  K.  T.  Yano,  M.  j.  D.  Low,  C.  L.  Hai.i.eu,  and  J.  Few,  .J.  Coi.LOin,  /ntcr/oce  6'ei.  44,  249 
(1973). 
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depth  of  0-85  /tm  at  3300  cm  Spectra  having  a constant  resolution  of  8 cm  i 
were  recorded  with  a modified  Digilab,  Inc.  Model  FTS-14  Fourier  transform  spec- 
trometer [5],  All  single-beam  spectra  were  obtained  by  summing  400  interferograms. 

After  the  cell  containing  the  prism  was  installed,  the  samjding  compartment 
was  Hushed  with  dry  air.  The  cell  remained  in  place  tluoughout  the  series  of  meas- 
urements so  that  its  transmission  remained  constant;  small  changes  in  cell  p.wition 
can  cause  transmission  changes  wliich  can  affect  the  results  obtained  when  two 
single-beam  spectra  are  ratioed.  Aqueous  solutions  of  0,  10,  25,  50,  75  and  100  vol®/ 
methanol,  prepared  with  speetral -grade  absolute  methanol  and  distilled  water” 
were  placed  into  the  cell  or  withdrawn  from  it  by  means  of  sj'ringes  anil  Telioii 
tubing.  Solutions  of  reagent-grade  NaClO^  in  methanol  were  similarly  treated. 

Results  and  Discussion 

Single-bcam  spectra  were  stored,  recalled,  and  ratioed  by  comjmtation  as 
required,  using  the  instrument’s  digital  computer.  Some  examples  are  shown  in 
Fig.  1.  The  ratioing  proeess  is  equivalent  to  using  a dispersion  spectrometer  in  the 
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Fig.  I.  Single-benin  spectra:  A:  dry  cell.  15:  pure  inetlianol.  C:  50%  methanol 
in  water.  ]):  pure  water. 

double-beam  mode  with  cells  of  precLsely  the  same  optical  quality  and  path  lengths 
m each  beam,  thus  “compensating”  one  liquid  with  another.  This  equivalency  is 
correct  only  when  the  two  liquids  who.se  spectra  arc  ratioed  have  identical  refractive 
indices,  so  that  the  equivalent  penetration  depths  for  the  two  liquids  are  the  .same. 
In  the  present  case,  with  the  indices  of  refraction  at  25°  of  water  and  methanol  of 
1-332  and  1-326,  respectively,  the  penetration  depths  differ  by  less  than  C-1%.  Also, 
the  index  matching  is  good,  the  high  refractive  index  of  the  Go  prism  caushig  any 

[•■)]  M.  J.  D.  Low,  ,V.  ,J  flooDSEc,  and  H.  Mauk,  in  Mohcvhir  Spertroscoptf  (1971).  (eilifcd  hv 
Heppi.e  r.)  /Vo/-,  r,  ConJ.  Mokrnlnr  Spurtrosropy,  Brighton,  Engl, and,  1971.  Institute  o'f 
J’etroloum,  London,  1972;  pp.  3S3ff, 
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effects  due  to  variation  of  the  refractive  index  of  the  sample  to  be  very  small.  At 
low  absorptivity  the  variation  of  the  refractive  index  iti  the  absorption  band  is 
also  negligible.  Consequently,  possible  errors  caused  by  these  effects  can  be  neglected. 

The  single-beam  spectra  of  the  pure  liquids  or  solutions  can  be  ratioed  against 
“air,”  i.e.,  against  the  spectrum  of  the  empty  cell,  to  obtain  spectra  such  as  A,  B,  or 
C of  Fig.  2,  in  which  the  instrument  function  has  been  removed.  The  contour  of  the 


Fig.  2.  Ratioed  spectra:  A:  water  ratioed  against  air  (the  ratio  of  spectra  D and 
A of  Fig.  1).  15:  methanol  ratioed  against  air  (tlie  ratio  of  spectra  15  andAofFig. 

1).  C:  50%  methanol  solution  ratioed  against  air  (the  ratio  of  spectra  C and  A of 
Fig.  1).  D:  75%  methanol  solution  ratioed  agaimst  metlianol  (the  ratio  of  the 
single-beam  spectrum  of  a 75  % methanol  solution  similar  to  spectrum  C of  Fig.  1 
against  spectrum  15  of  Fig.  1). 

OH  stretching  band  (A,  Fig.  2)  is  like  that  of  the  infrared  transmission  spectrum  of  a 
thin  water  layer  reported  by  Thompson  et  al,  [6],  who  concluded  that  there  were 
tliree  strongly  overlapping  bands  at  3625,  3410  and  3250  cm“*.  The  OH  band 
(A,  Fig.  2)  is  also  similar  to  the  Raman  OH  band  [7],  but  differs  from  that  of  Bonn  er 
and  Curry  [8,  9].  The  spectra  of  water,  methanol,  and  water-methanol  solution 

[6]  \V.  K.  Thompson,  W.  A.  Senior,  and  B.  A.  Pethica,  Nature,  Land.  211,  1086  (1966). 

[7]  W.  F.  Mcrpuy  and  H.  J.  Bernstein,./.  Phys.  Chon.  76,  1147  (1972). 

[8]  O.  D.  Bonner  and  J.  D.  Curry,  Infrared  Phyeics  10,  91  (1970). 

[9J  Bonner  and  Curry  [8]  recorded  differential  spectra  of  water  using  two  cells  of  nominally 
0 007  mm  pathlength  but  differing  in  actual  patiilength  by  5-10%,  and  found  two  quite 
definite  bands  at  3530  and  3200  cm'''  (2625  and  2418  cm~'  with  DjO).  Their  "effoetive 
thickness”  of  li(juid  yielding  their  differential  spectra  was  of  the  order  of  0 0005  mm.  i.e.. 
close  to  the  effective  penetration  depth  of  0'00085  mm  in  the  present  work.  However,  the 
actual  thickness  of  their  liquid  was  near  0-007  mm,  and  a single  layer  of  it  had  a trans 
mittance  close  to  zero  near  3400  cm~'.  The  cause  of  the  differences  in  the  OH  bands  is  not 
known.  Possibly,  tlie  change  in  tlio  refractive  index  in  the  region  of  intense  absorption 
caused  changes  in  tlie  absorjitive,  refractive,  and  reflective  properties  of  the  thin  films;  or 
possibly,  the  relatively  fast  scan  rates  used  in  regions  of  high  absorption  causcil  some 
distortion. 
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(A,  B,  C,  Fig.  2)  are  thus  similar  to  those  of  Malone  and  Flouknoy  (Fig.  2 of 
reference  1),  who  had  an  attachment  wdth  a Ge-liquid  interface  in  the  sample 
beam  and  an  identical  attachment  with  a Ge-air  interface  in  the  reference  beam  [Ij. 

When  the  single-beam  spectra  are  ratioed  against  those  of  the  pure  solvents, 
solvent-compensated  spectra  such  as  those  of  Fig.  3 are  obtained.  Such  spectra  are 
similar  to  the  differential  absorption  spectra  of  Spink  and  Wyckoff  (Fig.  1 of 
reference  3),  who  used  a cell  containing  solution  in  the  sample  beam  and  had  a 
matched  cell  containing  water  in  the  reference  beam.  Spectrum  A shows  the 
difference  in  the  OH  stretching  bands  quite  clearly,  the  negative  band  being  a 
mejtsure  of  the  greater  absorption  of  water  than  of  methanol.  The  negative  OH 
stretching  band  declined  in  intensity  with  decreasing  methanol  concentration,  as 
did  the  negative  water  deformation  band  in  the  1700-1600  cm-i  region  (A-E, 
Fig.  3).  The  stretching  band  changed  also  in  contour,  and  the  deformation  band 
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cm" 

Fig.  3.  Batioed  spectra  usjjig  water  as  reference;  A:  pure  methanol.  B;  75% 
methanol.  C:  50%metiianol.  D:  25%methanol.  E:  10  % methanol.  In  each  case, 
the  reference  spectrum  was  that  of  pure  water;  e.g.,  spectrum  A is  the  result  of 
the  ratio  of  spectra  B and  D of  Fig.  1. 

shifted  in  frequency,  being  at  1640  cm-*  for  pure  water,  10%  and  25%  methanol 
solutions,  near  1650  cm-*  for  50%  methanol  solution,  and  near  1660  cm-*  for 
75%  methanol  solution.  Such  changes  can  be  clearly  seen  in  scale-expanded  segments 
of  spectra  such  as  Fig.  4.  However,  the  1460  cm-*  OH  deformation  band  of  methanol 
did  not  shift,  and  there  were  no  changes  in  the  positions  of  the  other  methanol 
bands,  when  the  methanol  concentration  was  varied. 

The  changes  in  the  negative  OH  stretching  band  merely  indicate  the  net  changes 
in  absorption;  both  the  absorption  caused  by  water  and  the  absorption  caused  bv 
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1700  1600  cm" 

Fig.  4.  Water  dofomiation  bancLs:  Scale-expanded  segments  of  spectra  of  water 
(A)  and  of  50%  methanol  solution  (13).  The  spectrum  of  methanol  was  used 
us  reference.  The  ordinates  were  expanded  so  that  the  two  bands  had  the  same 

intensities. 

the  methanol  hydroxyls  might  change.  However,  the  change  in  frequency  of  the 
water  deformation  band  (which  implies  that  some  change  occurred  in  the  inter- 
molecular  bonding  of  the  water),  and  the  constancy  of  the  frequency  of  the  methanol 
hydroxyl  deformation  band  (which  implies  that  the  strength  of  the  intermolecular 
bonding  was  not  affected),  suggest  that  the  changes  of  the  contour  of  the  negative  OH 
stretching  band  were  brought  about  mainly  by  changes  of  the  absorption  of  the 
water  component  of  the  solutions.  If  the  contour  of  the  methanol  band  is  unaffected, 
it  would  be  more  appropriate  to  compare  the  spectra  of  solutions  with  the  spectrum 
of  pure  methanol,  as  in  trace  D of  Fig.  2,  which  shows  the  OH  stretching  absorption 
as  a pair  of  positive  bands.  In  contrast,  Malone  and  Flournoy  obtained  the  intensities 
of  the  water  OH  and  methanol  OH  absorptions  (both  were  taken  to  occur  at 
3350  cm"')  by  a simple  subtraction  procedure ; for  each  wavelength,  the  absorbance 
due  to  water  was  subtracted  from  the  total  to  give  that  due  to  methanol  alone. 

Scale-expanded  segments  .showing  the  OH  stretching  regions  of  specira  such 
as  I)  of  Fig.  2 are  collected  in  Fig.  5.  The  segments  were  scale-expanded  to  identical 
maximum  and  minimum  ordinate  values  in  order  to  bring  out  the  changes  in  band 
contours  more  clearly.  There  were  slight  differences  among  the  spectra  of  tlie  0, 
10  and  25%  solutions,  and  somewhat  larger  changes  with  the  50  and  75%  solutions. 

The  present  results  thus  show  that  interactions  between  water  and  methanol 
(lid  not  affect  the  methanol  bands,  so  that  these  can  be  used  for  quantitative 
purposes,  but  that  the  water  stretching  and  deformation  bands  were  changed,  so 
that  these  should  not  be  used.  It  seems  probable  that  similar  effects  would  occur 
with  other  alcohol-water  mixtures. 
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Fig.  5.  Spectra  of  metlianol  solutions:  Tlio  concentration  of  methanol  was:  A,  O; 

B,  10;  C,  25;  D,  50;  E,  75  vol.%.  The  spectrum  of  pure  methanol  was  used  as 

reference. 

Glew  has  been  able  to  measure  the  infrared  spectra  of  dilute  water  in  various 
solvents.  With  concentrated  water,  however,  the  intense  absorption  of  water  and 
the  overlapping  of  the  bands  of  water  and  solvent  made  the  observations  and 
interpretations  difficult  [10].  It  seems  worth  noting  that  the  present  techniques 
enable  water  to  be  examined  at  any  concentration. 
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